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Abstract 

Climate change is regarded as one of the main future challenges implying 
changing hydrological conditions in urban areas. At the same time many urban 
areas are expected to grow due to increasing population, which will most likely 
cause a higher level of urbanization. Combined effects of climatic changes and 
progressing urbanization will have an impact on the abundance of pollutants 
and the capacity for their transport. Due to this it is most likely that stormwater 
quality will change as well. Effects of climatic changes, progressing 
urbanization and changing environmental policies on urban stormwater quality 
were studied by means of computer simulations for different test catchments in 
Sweden. Scenarios accounting for such changes were developed and simulated 
with the Storm Water Management Model (SWMM), in which stormwater 
quality was described by total suspended solids (TSS) and two heavy metals, 
namely copper and zinc. The simulation results showed that pollutant loads 
depended mainly on rainfall depth and intensity, but not on antecedent periods. 
Storms with low to intermediate depths and intensities showed the highest 
sensitivities to climatic changes and the reason for that was the contribution of 
pervious areas and pollutant supply limited conditions. Catchments with low 
imperviousness were most sensitive to climatic changes, but the total TSS 
loads were low compared to catchments with high imperviousness. Generally 
pollutant loads increased due to climatic changes characterized by higher 
depths and intensities of rainfall in future scenarios. Furthermore stormwater 
quality changed significantly for scenarios considering a progressing 
urbanization. A changing catchment area and impervious fraction caused high 
changes in runoff volumes and pollutant loads. Thus changes in such 
catchment characteristics were identified as the most influential factors; in 
most of the cases changes caused by climate change were exceeded. 
Environmental policies, as for example the reduction of directly connected 
impervious areas were effective in reducing runoff volumes and consequently 
pollutant loads. Furthermore pollutant source controls, including material 
substitution, were identified to be an effective tool for reducing pollutant loads 
and improving stormwater quality. Generally changes produced by climatic 
changes were small compared to the effects of changes in land use and this has 
implications for the management of stormwater quality.  
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Sammanfattning 

Klimatförändringen anses vara en av de viktigaste framtida utmaningarna och 
innebär förändrade hydrologiska förhållanden i stadsområden. Samtidigt 
förväntas många stadsområden växa till följd av ökande befolkning, som med 
största sannolikhet kommer att orsaka en högre grad av urbanisering. De 
kombinerade effekterna av klimatförändringar och urbanisering kommer att ha 
en påverkan på förekomsten av föroreningar. På grund av detta är det också 
mest troligt att dagvattenkvaliteten kommer att förändras. Effekter av 
klimatförändringar, urbanisering och förändrad miljöpolitik kring hantering av 
urban dagvattenkvalitet studerades med hjälp av datorsimuleringar för olika 
testavrinningsområden i Sverige. Scenarier som beskriver sådana förändringar 
har tagits fram och simulerats med en modell som kallas ’’Storm Water 
Management Model’’ (SWMM). I modellen beskrevs dagvattenkvaliteten av 
totalt suspenderat material (TSS) och två tungmetaller, nämligen koppar och 
zink. Simuleringen visade att föroreningsmängder främst berodde på 
nederbördsmängd och -intensitet, men däremot inte på torrperioder. Regn med 
låg till medellåg mängd och intensitet uppvisade den högsta känsligheten för 
klimatförändringar. Anledningen till det var bidrag från permeabla ytor och 
begränsningar av föroreningsutbud. Avrinningsområden med låg andel av 
hårdgjorda ytor var mest känsliga för klimatförändringar, men totala TSS-
mängder var låga jämfört med avrinningsområden med hög andel av 
hårdgjorda ytor. Generellt ökade föroreningsmängderna till följd av 
klimatförändringar som karaktäriserades av högre mängd och intensitet av 
nederbörd i framtidsscenarier. Dessutom förändrades dagvattenkvaliteten 
avsevärt för scenarier som beskriver en urbanisering. En förändring av area och 
andel av hårdgjorda ytor orsakade stora förändringar i avrinningsvolymer och 
föroreningsmängder. Förändringar av avrinningsområdenas egenskaper har 
identifierats som de mest inflytelserika faktorerna, i de flesta fall med större 
påverkan än klimatförändringar. Miljöpolitik, som till exempel en minskning 
av direkt anslutna hårdgjorda ytor, var effektiva för att minska 
avrinningsvolymer och därmed föroreningsmängder. Begränsning av 
föroreningskällor, inklusive materialsubstitution, identifierades också till att 
vara ett effektivt sätt för att minska föroreningsmängder och förbättra 
dagvattenkvaliteten. Generellt såg man att förändringar i dagvattenkvaliteten 
orsakade av klimatförändringar var små jämfört med effekterna av förändringar 
i markanvändning. Detta får konsekvenser för hanteringen av 
dagvattenkvaliteten.  
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1 INTRODUCTION 

Stormwater runoff from urban areas produces considerable loads of various 
pollutants and is therefore considered as one of the major sources of non-point 
source pollution. Sediments, heavy metals (e.g. copper, lead and zinc), trace 
organic pollutants (e.g. polycyclic aromatic hydrocarbons, PAHs), nutrients 
and faecal pollution indicator bacteria are common constituents which can 
occur in considerable concentrations in urban stormwater runoff and can cause 
problems for the receiving waters (US EPA 1983). Prior research published in 
the literature states that stormwater quality is governed by climate, mainly 
precipitation characteristics (Brezonik and Stadelmann 2002), by the 
abundance of pollutant sources (Malmqvist 1983), by the catchment 
characteristics (Hatt et al. 2004) and finally by environmental policies as for 
example those regulating stormwater control measures (Ministry of the 
Environment Ontario, Canada 2003). It is most likely that those factors will 
change in the future, and consequently stormwater quality will be affected as 
well. Climate change is commonly accepted as a fact and global climate 
models show increased average precipitation in the Northern Hemisphere over 
the 21st century (Nakicenovic and Svart 2000). Furthermore many urban areas 
are projected to grow in the future due to a growing population. For example 
the population of Sweden is expected to grow by 15% until 2050 (Statistics 
Sweden 2011) and this will most likely affect the abundance of pollutant 
sources in urban areas as well as the layout of urban catchments (e.g. the 
impervious fraction). Finally it can be expected that efforts in controlling 
stormwater quality will also change in the future by for example new 
regulations and policies. Consequently it should be of interest to assess 
possible future changes of stormwater quality in order to develop meaningful 
adaptation strategies. 

1.1 Objectives  

The objective of this thesis was to assess future trends in simulated stormwater 
quality. The main focus has been on examining the sensitivity of such 
simulations to climatic changes. Furthermore the effect of increasing pollutant 
generation due to progressing urbanization and intensifying urban land-use 
activities were also studied. Finally the current and future efforts in controlling 
sources of pollutants and adaptation strategies were addressed. This served as a 
base for an estimation of what will affect most the stormwater quality in the 
future.  
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1.2 Structure of the thesis 

The thesis includes four appended papers referred to as paper I – IV, one 
published paper, two conference contributions and one submitted journal 
manuscript. The thesis has the following structure; in the first chapter, a brief 
introduction is presented outlining the significance of the research as well as 
the objectives of the thesis. Chapter 2 provides a theoretical background for 
factors governing stormwater quality and their expected changes in the future. 
Furthermore a review of stormwater quality models is provided. In Chapter 3 
the simulation model setups are described as well as the analysis of the results. 
In Chapter 4 the major results are presented followed by their discussion in 
Chapter 5. In Chapter 6 the conclusions are presented. Finally the papers 
mentioned before are attached to the thesis.  
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2 BACKGROUND 

2.1 Factors governing urban stormwater quality 

Urban areas are usually characterized by high population density and a high 
fraction of paved (impervious) surfaces. In comparison to runoff from 
undeveloped rural areas urban stormwater runoff is characterized by higher 
total runoff volume and peak flows per unit area, and a shorter time of 
concentration (more rapid runoff) (Butler and Davies 2004). Figure 1 shows 
pictures of typical urban developments. 

 

Figure 1 Typical urban developments 

Four general factors influencing the quality of urban runoff can be identified, 
namely climate, pollutant sources, physical catchment characteristics and 
environmental policies affecting the control of stormwater quality, recognizing 
that some of those factors might be interrelated. Depending on those factors 
pollutants will accumulate on catchment surfaces during dry periods and 
subsequently be washed off and transported to drainage systems and receiving 
waters during rain events. Figure 2 provides a schematic sketch of those 
processes.  
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Figure 2 Pollutant build-up and wash-off  

The accumulation of pollutants is a dynamic process comprising a cycle of 
continual pollutant accumulation and removal. Pollutants accumulate on the 
catchment surfaces and will be removed or redistributed due to re-suspension 
by wind and vehicular traffic, or by rainfall/runoff. Prior studies concluded that 
this process is usually quick in the beginning and slows down after some initial 
time as it approaches some maximum load (Vaze and Chiew 2002, Egodawatta 
and Goonetilleke 2006). Accumulated pollutants are mobilized during rain 
events, when rain drops falling on the ground and/or surface runoff sheet flow 
provide sufficient energy. Pollutants are then transported to a drainage system 
and consequently reach receiving waters. It has been shown that the wash-off 
process is dependent on precipitation characteristics and runoff from both 
pervious and impervious surfaces needs to be considered (Sartor and Boyd 
1972, Vaze and Chiew 2003b, Brodie and Egodawatta 2011, Mahbub et al. 
2010).  

2.1.1 Climate 

Both pollutant wash-off and build-up depend on the local climate, especially 
the precipitation characteristics like rainfall depth, intensity and duration as 
well as the antecedent dry period (ADP). Brezonik and Stadelmann (2002) 
stated that rainfall depth and intensity were the ‘most explanatory’ variables in 
multiple regression models for predicting loads for total suspended solids 
(TSS) and other pollutants for single rain events. No significant influence of 
ADP and duration on events loads could be found. This is also supported by 
other results published in the literature, where pollutant loads were governed 
by the potential of a rain event to wash-off and transport pollutants rather than 
antecedent dry periods (Vaze and Chiew 2002, Liu et al. 2012b, Deletic and 
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Maksimovic 1998). On the contrary Brezonik and Stadelmann (2002) reported 
that ADP and duration were explanatory variables in describing event mean 
concentrations (EMC).  

2.1.2 Major pollutants and their sources 

Pollutant sources play an essential role for the quality of urban runoff, since 
they influence the rate and extent of accumulations as well as the supply of 
constituents. Malmqvist (1983) divided pollutant sources for urban runoff into 
three major categories: atmospheric fallout, vehicular traffic, and corrosion 
from building materials. But this division can be further modified, as for 
example shown in Figure 3 for different types of land use.  

 

Figure 3 Pollutant sources for different types of land use 

The availability of pollutants will be influenced by the sources and the intensity 
of land use. Being aware of the fact that urban stormwater contains a large 
variety of pollutants, selected constituents are described here, namely TSS and 
some heavy metals. Those constituents can be considered as the most 
ubiquitous pollutants in urban stormwater and are therefore of primary interest, 
since they cause negative effects on the aquatic environment.  

Total suspended solids (TSS) are one of the most ubiquitous constituents in 
urban stormwater. Particles can be either man-made (e.g. tire and street surface 
wear) or of natural origin (e.g. soil erosion), and important sources of TSS are 
traffic, road maintenance, construction activities and soil erosion. TSS can 
affect water quality in the receiving water bodies by, for example, increasing 
the turbidity so that photosynthesis is impacted. Often more important is that 
they can serve as carriers of secondary pollutants, such as heavy metals being 
attached to them. Therefore TSS is an important indicator for stormwater 
pollution (US EPA 1983). 
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Heavy metals like for example copper, lead and zinc are the most prevalent 
priority pollutants found in urban runoff. Sometimes their concentration 
reaches levels high enough to be potential threats to beneficial uses of 
receiving waters (US EPA 1983). In high concentrations heavy metals can lead 
to toxicity as an acute effect. Additionally due to their persistency they can 
accumulate in the sediment or food chain and cause chronic toxic effects for 
longer time exposures.  

Fuchs (2006) and Davis (2001) used source based modelling approaches to 
estimate the contribution of different sources to heavy metal loads in urban 
runoff. More than half of the total load of lead, zinc and copper originated from 
traffic and the corrosion of building structures. Furthermore a considerable 
percentage is contributed by atmospheric deposition. For example wet and dry 
deposition was identified to be the most important source for cadmium (Davis 
2001). Specific sources from traffic were identified, where copper mostly 
originates from the abrasion of brake pads. Furthermore tires contain high 
amounts of zinc which is released through the abrasion of tires. The building 
materials and other metallic surfaces in the urban area are important for the 
release of pollutants. Metallic surfaces, such as roofs tops containing copper 
and zinc as well as sidings and paints containing heavy metals, have the 
potential to release those constituents to the environment. The aforementioned 
studies concluded that the density of traffic as well as the number and type of 
buildings plays a major role in the release of heavy metals in urban areas.  

2.1.3 Catchment characteristics  

Physical catchment characteristics like fraction of impervious surfaces, slope 
and roughness of surfaces, drainage system and control measures influence 
both the quantity and quality of runoff.  

The impervious fraction of a catchment is recognized as one of the most 
important factors in the urban context, affecting the hydrological conditions 
significantly. As land urbanizes it is covered with paved roads, parking lots and 
roofs, preventing rainfall to infiltrate into the ground. Consequently runoff 
coefficients increase as the fraction of imperviousness increases (US EPA 
1983). As runoff quantity also drives its quality, the fraction of impervious 
surfaces affects runoff quality. Furthermore some impervious surfaces can 
serve as pollutant sources, as described before. Hatt (2004) stated that the 
fraction of directly connected impervious surfaces was strongly correlated with 
loads of various constituents, like TSS and different nutrients. 
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2.1.4 Stormwater control measures & environmental policies 

Most runoff control measures focus on the quantity of stormwater, mainly to 
prevent flooding. Measures aiming at attenuating the runoff hydrograph are 
then integrated into the catchment, as either end of pipe measures or measures 
at lot level. Typical end of pipe measures are for example stormwater ponds or 
constructed wetlands. Measures at lot level are usually actions enhancing 
infiltration or storage of stormwater, and their examples are green roofs and 
porous surfaces (Ministry of the Environment Ontario, 2003). Figure 4 shows 
examples of stormwater control measures on different scales.  

  

A) Stormwater pond; B) Porous pavement; C) Green Roof; D) Constructed wetland 

Figure 4 Examples of stormwater control measures 

In recent decades the interest in controlling stormwater quality has increased. 
The aforementioned structural measures are also implemented in order to 
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improve stormwater quality. For example the stormwater management design 
manual of Ontario states that stormwater quality control measures need to be 
designed to remove 60 – 80% of TSS. Not only structural measures are 
important for improving stormwater quality, but also the measures controlling 
sources of pollutants can be used to bring about improvements, like 
regulations. Phasing lead out of gasoline is one example of such a measure 
which had great effect on runoff quality; Marsalek and Viklander (2011) 
estimated that this measure contributed to removing about 97% of lead from 
freeway runoff. Another example is the use of alternative materials instead of 
copper in brake pads. Copper in brake pads was contributing greatly to copper 
loads in urban stormwater, and therefore a substitution of harmless materials 
resulted in great reductions of copper in stormwater (Hillenbrand et al. 2003). 
Regulations were passed by the State of Washington for controlling the copper 
content in brake pads (not more than 5% and 0.5% by 2021 and 2025, 
respectively) (Stormwater 2010); no such regulations have been adopted in 
Europe so far.  

2.2 Possible future changes 

It is a widely accepted fact that climatic conditions are most likely to change by 
the end of the 21st century due to large climate variability attributed to 
anthropogenic causes. Rising mean temperatures as well as changing 
precipitation patterns have been of concern. With respect to urban drainage that 
has been an object of research because extreme rainfall events are likely to 
become more frequent. This is considered as an emerging issue since urban 
drainage systems might not be able to cope with future conditions, which will 
cause an increased risk of flooding in urban areas (Willems et al. 2012). Less 
attention is paid to climate change effects on the quality of stormwater, but as 
climatic condition change it is most likely that stormwater quality will change 
as well. Studies which addressed those issues generally concluded that 
increased precipitation leads to higher runoff rates and consequently to more 
pollutant wash-off (He et al. 2011, Mahbub et al. 2011, Sharma et al. 2011). 
But those studies did not provide an insight into the processes involved, like 
pollutant build-up/wash-off and their dependencies on climate characteristics. 
Furthermore they did not address possible future changes in pollutant sources 
and catchment characteristics.  

Beside climatic conditions it is likely that pollutant sources will change in the 
future. It is projected that by 2050 the Swedish population will grow by 15% 
(Statistics Sweden 2011). Connected with a growing population are changing 
pollutant sources, likely due to the intensification of land use activities. 



INFLUENTIAL FACTORS IN SIMULATIONS OF FUTURE URBAN 
STORMWATER QUALITY 

  9 

Furthermore it was reported in prior studies that a growing population can lead 
to a peripheral growth of the urban area, which is also known as urban sprawl. 
Since people will then have to travel further distances, the sprawl increases the 
dependency on car transportation, which in turn increases the pollutant 
emissions from traffic (Van Metre et al. 2000, Behan et al. 2008). Also changes 
in population most likely cause a progress in urbanization leading to more 
impervious surfaces, and consequently changed hydrological conditions and 
generation of pollutants. Another concern which arises is that the performance 
of stormwater control measures, designed for today’s conditions, might be 
reduced in the future, due to high runoff flows and pollutant loads (Marsalek et 
al. 2008).  

Contrarily, it is also likely that some future developments will lead to 
improvements of stormwater quality. For example new environmental policies 
can come into effect as the restriction of copper in brake pads. Furthermore a 
development of new control measures as well as the improvement of existing 
measures is possible in the future.  

2.3 Stormwater quality models 

Today numerous stormwater quality models are available with different 
properties and capabilities. Stormwater quality models can further differ in the 
approach how they describe stormwater quantity and quality.  

2.3.1 Regression models 

Regression models are based on relating measurable parameters, like for 
example rainfall characteristics (i.e. depth, intensity, duration) and catchment 
characteristics (e.g. impervious fraction) with pollutant loads or concentrations 
(Zoppou 2001). Monitored data for stormwater quality are used to establish 
mathematical relationships between those explanatory variables and pollutant 
loads or concentrations. Brezonik and Stadelmann (2002) used a multiple 
regression approach to predict runoff volumes as well as pollutant loads and 
concentrations. Runoff volume could be predicted by rain depth, impervious 
fraction and area of the catchment, with a high level of certainty. For predicting 
pollutant loads, rain depth, intensity and catchment area were used but the 
certainty was lower. Hatt (2004) related the fraction of directly connected 
impervious areas to loads of sediments and various nutrients and found them to 
be strongly correlated.  
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The main limitation of those approaches is that the established relationship is 
only valid for the particular area and therefore a generalization is difficult 
(Zoppou 2001).  

2.3.2 Land use standard concentrations models 

Land use standard concentration models divide urban areas into different land 
use categories and typically assign standard pollutant concentrations to those 
land uses (Ellis and Revitt 2008). Typical land use categories are residential, 
mixed, commercial and industrial land use (US EPA 1983). The standard 
concentrations are then multiplied by estimated runoff volumes in order to 
predict pollutant loads for a particular catchment. This information can be used 
to identify areas with potentially high pollutant loads and where control 
measure should be installed.  

The model Stormtac is one example of such a model approach which was 
developed in Sweden (Larm 2000). Based on long-term storm water quality 
measurements standard concentrations were established for different land uses. 
Furthermore different stormwater quality control measures could be tested with 
this model.  

Similar to regression models the transferability to other regions is critical. As 
in the case of Stormtac those standard concentrations reflect Swedish 
conditions, so they might not be valid elsewhere. Furthermore there is a risk of 
oversimplification. Liu (2012a) noted that the land use is inadequate in order to 
describe the variability of stormwater quality, and additional factors needs to 
be taken into account.  

2.3.3 Pollutant source based models  

In pollutant source based models, sources of particular pollutants are identified. 
Based on a substance flow analysis the pollutant emission and consequently the 
contribution to pollutant loads in stormwater runoff are estimated. This makes 
it possible to identify the most important sources for a particular constituent in 
stormwater and gives information about reduction potentials (Fuchs et al. 2006, 
Hillenbrand et al. 2003).  

The software SEWSYS uses a source based model approach in order to 
describe among others the substance flow in urban stormwater (Ahlman 2006). 
Pollutant loads are estimated based on emission factors for different sources 
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like atmospheric deposition, traffic (e.g. tire wear, brake pads, oil spills and 
road wear) and building materials (i.e. roofs and facades).  

Furthermore various studies published in the literature used such source based 
approaches to identify major sources of pollutants. For example Fuchs (2006) 
established emission factor for different sources of heavy metals. Zinc mainly 
originated from the corrosion of roofs and facades as well as from the abrasion 
of tires. The major source of copper was identified to be the abrasion from 
brake pads, but roofs and facades were also important contributors. 

2.3.4 Process based models 

Process based models aim to mimic the physical processes involved in 
stormwater runoff generation on the basis of our current understanding. Well 
known examples of such models are MOUSE, developed by the Danish 
Hydraulic Institute (DHI) (DHI 2002) and the Stormwater Management Model 
(SWMM) developed by the US Environmental Protection Agency (Huber and 
Dickinson 1988).  

Stormwater quantity is calculated with a rainfall-runoff module, where a time 
series of rainfall and physical catchment characteristics are used to calculate a 
hydrograph. Important catchment characteristics in that sense are area, slope, 
fraction of imperviousness, depression storage depth, infiltration parameters 
and the length of overland flow. One way to estimate such characteristics is to 
digitize the catchment description as shown in Figure 5.  

 

Figure 5 Digitization of catchment description 

Based on that, for example the fraction of impervious surfaces can be 
estimated.  

Stormwater quality is described by pollutant build-up during dry periods and 
their subsequent wash-off and transport during rain events. Different 



INFLUENTIAL FACTORS IN SIMULATIONS OF FUTURE URBAN 
STORMWATER QUALITY 

12 

mathematical equations are used to describe pollutant build-up. For example in 
SWMM four different methods are available, namely a power function, an 
exponential function, a saturation function and also an external time series can 
be applied. For pollutant wash-off two options are given: an exponential 
function and the rating curve method.  

Such models are capable of reproducing the generation of urban runoff with a 
high level of certainty (Zoppou 2001). For stormwater quality the certainty is 
lower, but the models mimic the underlying processes fairly well. Therefore 
these models can be used as a practical tool to examine for example changes in 
the catchment response for stormwater control measures (Vaze and Chiew 
2003a, Tsihrintzis and Hamid 1998).  

The main disadvantage of such models is that huge amounts of input data are 
needed for both stormwater quantity and quality simulation. Furthermore in 
order to calibrate a model flow measurements as well as runoff quality samples 
are needed. This can make the use of such models very costly.  
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3 METHODOLOGY  

The overall approach taken was based on comparing sets of model runs for 
different catchments, climate samples and future scenarios. Those future 
scenarios addressed climatic changes, progressing urbanization and changing 
environmental policies. The general approaches applied in the papers are 
outlined in Table 1. 

Table 1 General approaches 

Paper Model runs Test catchment Future scenarios 
I Single events Skellefteå Climatic changes 
II Single events Kiruna Climatic changes 

III Continuous 
simulation 

Skellefteå, 
Skellefteå-HI and 

Kalmar 
Climatic changes 

IV Continuous 
simulation Skellefteå Climatic and non-

climatic changes 

3.1 Test Catchments 

Four test catchments were analyzed within this thesis, namely a suburb of 
Kalmar which is located in the south of Sweden, the city of Kiruna which is 
located in the north of Sweden and a suburb of Skellefteå which is also located 
in the north of Sweden. In addition a smaller part of the Skellefteå catchment 
was extracted and used as another test catchment (further referred to as 
Skellefteå-HI). This separate part is characterized by a high impervious 
fraction. The annual precipitation in Kalmar is 484 mm, in Kiruna 489.9 mm 
and in Skellefteå 589 mm; those values are based on the climatic normal period 
of 1960 - 1991. The catchments were chosen because: (a) they represent urban 
developments in different regions of Sweden, (b) availability of rainfall/runoff 
data, including rainfall records with high temporal resolution and flow 
measurements at several nodes located in different parts of the catchments, and 
(c) availability of the Stormwater Management Model (SWMM) set-up for 
these catchments. For the Kiruna catchment no flow measurements were 
available. Table 2 summarizes the characteristics of the four test catchments 
used in this thesis. 
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Table 2 Characteristics of the test catchments 

 Contributing 
area Impervious area Subcatchments 

Kalmar 140 ha 32 ha (23%) 47 
Kiruna 1372 ha 259 ha (18.9%) 545 

Skellefteå 235 ha 82 ha (35%) 51 
Skellefteå-HI 34 ha 21 ha (62.6%) 9 

3.2 Model Setup 

Based on local topography and the stormwater drainage system the catchments 
were delineated and discretized into subcatchments, which were assigned to 
end manholes and, where required, also to some additional manholes. This 
procedure refers to a common practice of DHI (Persson, O., personal 
communication).  

3.2.1 Hydrological setup 

The surface slope for each subcatchment was estimated with the help of a 
digital elevation model (DEM) for the region. In order to get a first estimate of 
the catchments imperviousness, maps for roads and houses were used, but such 
values were later adjusted by calibration. Furthermore surface roughness 
(Manning n), depression storage depth (both on impervious and pervious 
surfaces) and Horton infiltration parameters were considered in calibration, but 
only the depression storage depth was used, since the rainfall/runoff events 
showed sensitivity only to this parameter. Default values were adopted from 
the SWMM manual for the other parameters (Huber and Dickinson 1988).  

Based on flow measurements at several sewer system nodes in the catchments, 
hydrological calibration and verification was done in Kalmar and Skellefteå in 
a similar way. One part of the rainfall / runoff measurements was used for 
calibration, whereas the other part was used for verification. Aim of this 
procedure was to match the simulated peak flows and volumes as well as 
possible to the measured ones. Limits were comparable to the calibration 
results produced in other published studies and were set to ±10% for volume 
and ±20% for peak flows (Tsihrintzis and Hamid 1998, Temprano et al. 2006). 
Furthermore the timing and shape of the hydrographs should also match the 
measured ones. 

The calibration procedure consisted of two parts, namely (a) an adjustment of 
the directly connected impervious areas and (b) an adjustment of the 
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depression storage depth. In calibrating the imperviousness, small rain events 
were simulated and for those no runoff from pervious areas was expected. 
Based on those simulations, the impervious surfaces were adjusted to match the 
measured volumes. This also assures that all impervious surfaces can be 
considered as directly connected to the drainage system. For adjusting the 
surface depression depth, all events considered for calibration were simulated 
and the depression storage was adjusted for both pervious and impervious 
surfaces. The verification run was statistically evaluated by plotting measured 
and simulated values (i.e. volumes and peak flows) against each other. This 
was done for all nodes where flow measurements were available. The 
evaluation procedure was adopted from other studies published in the literature 
(Tsihrintzis and Hamid 1998, Berggren et al. 2011). It consisted of a regression 
analysis in which the goodness of fit was measured by the slope of the 
regression line, which should be as close to one as possible, and the R2-value, 
which should also be close to one.  

As mentioned before no flow measurements were available for Kiruna, 
therefore this procedure could not be applied there. Since Skellefteå-HI was 
separated from the Skellefteå catchment, no additional calibration was 
performed for the former catchment, since it was assumed that the calibration 
for the whole catchment applied to its part as well. 

3.2.2 Adjustment of quality parameters 

In papers I, III and IV, a description of TSS build-up and wash-off was 
included. In paper II only wash-off was described. Furthermore in paper IV 
selected heavy metals were considered in the simulations and this was done by 
potency factors (i.e., heavy metal concentrations in road dust and dirt). Since 
no runoff quality measurements were available for any of the catchments, best 
estimates of practical values describing TSS build-up and wash-off were used. 
Earlier studies published in the literature served as a base for producing those 
estimates (Vaze and Chiew 2002, Egodawatta and Goonetilleke 2006, Vaze 
and Chiew 2003b, Brodie and Egodawatta 2011, Li and Yue 2011). TSS build-
up (1) and wash-off (2) were described by exponential functions, as follows.  

Build-up:  (1) 

where B = build-up of solids (TSS), b1 = maximum build-up possible, b2 = 
build-up rate constant, and t = elapsed time 
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Wash-off:  (2) 

Where W = wash-off load of solids (TSS), w1 = wash-off coefficient, q = 
runoff rate and w2 = wash-off exponent. 

Two values for pollutant build-up were defined, namely a low and a high value 
of b2. With a low b2 slow pollutant build-up was described and it took about 
5.5 days until 80% of the maximum build-up possible was reached; for a high 
b2 this took less than 2 days. The maximum build-up was regarded as a 
constant and set to 35 kg/ha. For the wash-off coefficient w1, three values were 
defined. With the intermediate value typical urban conditions in Sweden were 
described, which were characterized by a TSS concentration of about 
100 mg TSS/L (Larm 1997). Based on that a high and low values were defined; 
the high value reached a three times higher concentration and the low value 
produced a three times lower concentration. By doing so one order of 
magnitude of TSS concentrations was covered.  

In Table 3 the build-up and wash-off parameter pairs are summarized. 

Table 3 Stormwater quality simulation parameter pairs 

Notation Parameter values 
SL Low b2; low w1 
SI Low b2; intermediate w1 
SH Low b2; high w1 
FL High b2; low w1 
FI High b2; intermediate w1 
FH High b2; high w1 

 

The same notations will be used throughout the thesis. 

All those parameter pairs were used in papers I and III, whereas in Paper IV 
only the parameter pair SI was applied.  

In paper II no pollutant build-up was considered. For the tested events the same 
initial build-up (100 kg/ha) was used. Furthermore the wash-off coefficient w1 
was set to 0.08 and w2 to 1.15.  

Potency factors were used to compute the heavy metals (i.e. copper and zinc) 
as a fraction of TSS; this was applied in paper IV. Those potency factors can be 
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defined based on the earlier studies analysing heavy metal concentrations in 
sediments from different urban surfaces (Duong and Lee 2011) and on 
databases for urban runoff quality in Sweden (Larm 1997).  

Table 4 shows the potency factors which were chosen to represent a mixed 
urban land use. Furthermore the resulting mean concentrations in simulated 
runoff are shown. 

Table 4 Potency factors and resulting mean concentrations 

 Copper Zinc 
Potency Factor 0.4 2 

Mean Concentration [µg/l] 40 200 

3.3 Climate Records  

Historical records served as a baseline scenario and represented samples of 
today’s climate. In Kalmar rainfall was recorded by a tipping bucket rain 
gauge, with a bucket capacity of 0.2 mm, over a period of 13 years (October 
1991 – October 2004). Over the same period a record for daily min and max 
temperature was available. In Skellefteå a similar type of record was available 
over a period of almost 14 years (September 1996 – July 2010). For Kiruna a 
27-month rainfall record was obtained from the Swedish Institute of Space 
Physics. The rain data had a temporal resolution of 5 minutes.  

3.4 Future Scenarios 

Generally two types of future scenarios were developed and simulated, namely 
scenarios considering climatic and non-climatic changes, respectively. 

In order to reflect climatic changes the historical records were rescaled in 
different ways. One method was based on future climate projections by 
applying a delta change method (detailed information can be found in the 
appended papers). Those future projections include an emission scenario 
defined in the IPCC report as AIB (Nakicenovic and Svart 2000). The future 
projections reached from today until the year 2100 and were divided into three 
time periods: near-future climate (2011 – 2040) further referred to as FC1, 
intermediate-future climate FC2 (2041 – 2070) and far-future climate FC3 
(2071 – 2100). In addition to the delta change method recommendations of the 
Swedish Water Association were also used. Those recommendations include a 
climate change factor, namely an increase of precipitation by 20% by the end 
of the century, which should be considered in designing drainage systems. To 
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implement this, rainfall records were modified by increasing their intensities by 
20%. Scenarios considering climatic changes are summarized in Table 5. 

Table 5 Climate change scenarios 

Notification Time Span Basis Paper 

FC1 Near future  Delta change III (2011-2040) 

FC2 Intermediate future 
(2041-2070) Delta change III, IV 

FC3 
Far future  

Delta change I, III (2071-2100) 

Plus20 End of the 21st 
century Recommendations II, III 

Beside climate change scenarios, in paper IV scenarios were developed 
addressing a progressing urbanization, changing pollutant sources and 
environmental policies; those are summarized in Table 6. All scenarios involve 
a changed climatic input based on FC2 for the Skellefteå climate sample. In 
Scenario 1 nothing else than climate was changed. 

Table 6 Future scenarios addressing non climatic-factors 

Scenario Population Land-use 
development 

Traffic & 
buildings Legislations 

1 unchanged unchanged unchanged none 

2 unchanged LID unchanged none 

3 unchanged unchanged less km 
driven none 

4 unchanged unchanged unchanged 
Reduction of 
Cu in brake 

pads 

5 increased increased 
imperviousness increased none 

6 increased 
Increased area 

and urban 
sprawl 

More km 
driven none 

LID = low impact development; Cu = Copper 
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Generally the future scenarios were implemented in simulations by altering the 
model inputs and parameters, namely the climatic input, the impervious 
fraction, the catchment area, the build-up rate constant b1 and potency factors 
for heavy metals. For the imperviousness, the catchment area, and the build-up 
rate, parameter ranges were tested. For the potency factors single changes were 
tested, since strictly linear responses could be expected. These procedures are 
summarized in Table 7 for non-climatic changes. 

 Table 7 Implementation of non-climatic scenarios 

Scenario 1 2 3 4 5 6 

Imperviousness 
(%) 35 

29.8; 
31.5; 
33.3 

35 35 36.8; 38.5; 
40.3 35 

Area (ha) 235 235 235 235 235 
246.8; 
258.5; 
270.3 

Build-up rate 0.3 0.3 
0.255; 
0.27; 
0.285 

0.3 0.3+15% 0.3+10% 

Potency Factor 
Cu 0.4 0.4 0.4-10% 0.4 -25% 0.4+15% 0.4+10% 

Potency Factor 
Zn 2 2 2-5% 2 2+15% 2+5% 

3.5 Model Runs and Analysis 

In paper I and II discrete rain events were simulated; 56 events in paper I and 
21 in paper II. For continuous simulation (paper III) snow-free periods (April – 
October) were extracted from the rainfall records and simulated separately. 
From the Kalmar climate sample 12 periods were extracted and from the 
Skellefteå climate sample 13 periods, respectively.  

For all the executed model runs, for current (baseline) and future scenarios, the 
rainfall depth, runoff volume and pollutant loads were noted. Differences 
between the baseline model runs and the runs for future scenarios were 
calculated in terms of both absolute changes and relative changes expressed in 
percent. This procedure was applied in all the appended papers.  

A principal component analysis (PCA) was performed in order to determine 
which rainfall characteristics influence the most the wash-off process of TSS 
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during simulations; this analysis was based on the results from discrete rain 
events (paper I). PCA is a multivariate technique which allows analysing 
interrelationships among a large amount of variables (Hair et al. 2010). One 
output of this analysis is a loading plot including the involved variables (i.e. 
rainfall characteristics and TSS wash-off loads for the different parameter 
pairs), shown as vectors. Vectors forming an acute angle can be considered as 
correlated, if the angle is orthogonal no correlation is present. The length of the 
vector is a measure of how much of the variability can be explained by that 
particular variable.  

As it was the aim of papers I and II to study the sensitivity of changes in 
rainfall characteristics, the changes in TSS wash-off loads were plotted against 
the most important rainfall characteristics of the baseline events for pattern 
observation. In paper II also changes in the event mean concentration (EMC) 
were plotted against the rainfall characteristics mentioned before. 

In paper III three catchments and two climate samples, with their future 
projections, were used. The analysis was done both graphically, by using box 
plots, and numerically, by performing the analysis of variance. By doing so it 
could be determined if the different periods differ significantly from each 
other. Percentage changes, derived as described before, were then used for 
pattern observation. All possible combinations of catchment characteristics and 
two climate sample scenarios were simulated, with results summarized in 
Table 8. 

Table 8 Continuous model runs 

Catchment Climate Sample  Notation 
Kalmar Skellefteå Kalmar (S) 
Kalmar Kalmar Kalmar (K) 

Skellefteå Skellefteå Skellefteå (S) 
Skellefteå Kalmar Skellefteå (K) 

Skellefteå-HI Skellefteå Skellefteå-HI (S) 
Skellefteå-HI Kalmar Skellefteå-HI (K) 

 

The analysis of the simulation results in paper IV was based on pattern 
observation of the percentage changes between future scenarios and baseline 
scenario. 
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4 RESULTS 

4.1 Hydrological setup 

In Figure 6 typical measured and simulated hydrographs for Skellefteå are 
shown.  

 

Figure 6 Measured and simulated hydrographs for Skellefteå 

It can be seen that hydrograph timing and shape agree well, and that was also 
the case for Kalmar.  

In Figure 7 the evaluation of the verification run is shown for Kalmar, which is 
exemplified here for one node located close to the catchment outlet.  
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Figure 7 Evaluation of the verification run; exemplified for a node close to the 
outlet in the Kalmar catchment 

As the figure shows the simulated events agreed well with the measured ones, 
but both runoff volumes and peak flows were slightly overestimated. Generally 
this was the case for all the tested nodes, whereas the volume was reproduced 
better in the case of Skellefteå.  

4.2 Descriptive rainfall characteristics 

Figure 8 shows the TSS loading plot from the PCA, exemplified for slow 
build-up rates. 

 

Figure 8 PCA: TSS Loading plot 
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Based on the PCA, rainfall characteristics (i.e. depth, intensity and duration) 
were found influential with respect to the TSS wash-off load, with the rainfall 
depth being the most explanatory variable. ADP showed no correlation with 
the TSS wash-off load.  

4.3 Sensitivity of stormwater quality to climatic changes 

In Figure 9 the percentage changes in wash-off loads of the single events are 
plotted against the depth of the unmodified events exemplified for the SI 
parameter pair, where each dot represents one event. For visual assistance, 
linear regression lines were inserted in the plot. Those regression lines were 
done for two ranges of depth; the depths smaller than the one for which the 
maximum changes occur and the larger depths. The same plots were done for 
the absolute change in wash-off load and percentage changes in runoff volume 
and the regression lines are also shown in Figure 9.  

 

Figure 9 Relationship between rain depth and changes of TSS wash-off and 
runoff volume  

The percentage changes of the wash-off load show a triangular pattern. Those 
patterns could be observed for all the parameter pairs tested. The greatest 
changes could be observed for rain events with low to intermediate depths of 
approximately 15 mm. This is also the case for percentage changes in runoff 
volume. But for rain events with high depths percentage changes were 
generally higher for runoff volume, since a gap between the black and blue 
dashed line can be observed. The same patterns were observed for absolute 
changes in wash-off loads but it can be noticed that the area of maximum 
change is slightly displaced. Also similar patterns were observed for 
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percentage changes of wash-off load against rainfall intensity. But due to high 
variability of results, no such regression could be done. Figure 10 shows a 
contour plot of percentage changes of wash-off loads against the rainfall depth 
and intensity; this plot is based on the results from paper II.  

 

Figure 10 Contour plot for changes in wash-off loads 

Similar to the results of paper I the highest changes were observed within the 
same range of rainfall depths and at intensities of about 8 mm/h.  

The relationship between rainfall depth and percentage changes of EMC is 
shown in Figure 11.  
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Figure 11 Relationship between rainfall depth and percentage change of EMC 

A strong negative correlation can be observed, with small events showing 
positive changes of EMC and events with higher depths showing negative 
changes (dilution), respectively. The same negative correlation could also be 
observed for the max 60 min intensity with a comparably high correlation 
coefficient.  

For the continuous model runs percentage changes for rainfall depth, runoff 
volume and TSS wash-off loads for the future scenarios were calculated as 
average values for the modelled periods and compared to the current scenario 
(baseline). This is exemplified for fast build-up rates, FC3 and plus20 in Figure 
12, recognizing that results for slow build-up rates showed identical patterns. 
Furthermore results for FC1 and FC2 showed relatively low changes, which 
were within the range of uncertainty of the hydrological calibration. Therefore 
those results are not included in the figure.  
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Figure 12 Relationship between percent changes of TSS wash-off loads, 
precipitation and runoff volumes, for various climate change 
scenarios 

Generally the plus20 scenario showed higher changes in runoff and TSS loads 
compared to the results for FC3. But in the case of the Skellefteå climate 
sample it is noticeable that those changes are still in the same range, whereas a 
huge discrepancy can be observed for the Kalmar climate sample. Furthermore 
significant distinctions between the changes for different wash-off rates could 
be noticed, where low wash-off rates showed the highest changes and high 
wash-off rates the lowest, respectively. Comparing the simulations for the 
Kalmar climate sample with the simulations for the Skellefteå climate sample, 
it could be observed that the increases in the rainfall depth were diverse. For 
FC3 an increase of about 3% could be noted for the Kalmar climate sample and 
about 17.5% for the Skellefteå climate sample. It is further noticeable that 
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changes in runoff volume were almost similar to changes in precipitation for 
simulation involving the Skellefteå climate sample. On the contrary, changes in 
runoff were significantly higher than changes in precipitation for the Kalmar 
climate sample. This was the case for all three tested catchments. At its 
maximum for the Kalmar climate sample a 3% increase in precipitation caused 
12% more of runoff. However dissimilarity can be observed between the 
catchments with respect to changes of runoff volume due to climatic changes. 
For the Kalmar catchment, generally the highest percentage changes were 
observed and for Skellefteå-HI the lowest. The TSS wash-off loads followed 
this trend and showed similar patterns. On the contrary it could be observed 
that total loads per unit area were the highest for areas with high impervious 
fractions. For example total TSS loads were on average 2 to 2.5 times higher 
for Skellefteå-HI compared to Kalmar. 

4.4 Analysis of variance 

Results for the continuous simulations were plotted as Box and Whisker plots, 
which are shown in Figure 13 for Skellefteå (S), Skellefteå-HI (S) and Kalmar 
(K). 

  

Figure 13 Box and Whisker plots for simulated TSS loads 



INFLUENTIAL FACTORS IN SIMULATIONS OF FUTURE URBAN 
STORMWATER QUALITY 

28 

As can be seen in these plots a high variability within the different periods was 
exhibited. Based on the analysis of variance no significant difference between 
the results for the current climate sample and future scenarios was found. This 
was even the case for the plus20 scenario. However the median and mean 
values increased for the future periods. 

4.5 Sensitivity of stormwater quality to non-climatic changes 

Figure 14 shows the model results for the future scenarios, which were 
described in Table 6. The error bars indicate the min and max values for the 
parameter ranges tested. 

 

Figure 14 Simulation results for the future scenarios  

Generally scenarios containing changes in the impervious fraction were 
identified to be very sensitive. Scenarios 2 and 5 included changes in the 
impervious fractions. Scenario 2 assumed the integration of more green 
surfaces into to the catchment, and therefore the impervious fraction was 
reduced by 10%. By doing so effects of climatic changes (Scenario 1) could be 
almost counterbalanced. In contrast in scenario 5, which assumed an increase 
of the impervious fraction by 10% due to progressing urbanization, 
significantly higher runoff volumes and TSS loads were produced. Comparing 
Scenario 5 (higher impervious fraction) and 6 (larger area), it can be observed 
that the two scenarios produced comparably high runoff volumes and TSS 
loads. For scenarios considering changes in pollutant sources (Scenarios 3, 4, 5 
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and 6) the pollutant loads changed significantly, especially for the heavy metals 
tested. In some cases heavy metal loads were 40% higher compared to the 
baseline scenario. TSS loads showed only minor sensitivities to changes in TSS 
build-up.  
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5 DISCUSSION 

5.1 Hydrological setup 

The evaluation of the verification runs showed satisfactory results. The 
deviations between measured and simulated values (i.e. for peak flow and 
volume) were generally within the acceptable limits. The results were slightly 
better than reported in other studies, as for example by Tsihrintzis (1998). 

5.2 Descriptive rainfall characteristics 

As demonstrated with the PCA the rainfall depth, duration and intensity 
showed high correlations with TSS loads. This is in good agreement with 
Brezonik and Stadelmann (2002), who identified rainfall depth and intensity as 
explanatory variables for TSS loads  in multiple regression models. 
Furthermore the ADP had no significant influence on TSS wash-off loads, 
which is again in agreement with the findings published in the literature. 
Generally it was concluded that TSS loads were dictated by the ability of a rain 
event to wash off pollutants rather than the available pollutant mass (Vaze and 
Chiew 2002, Liu et al. 2012b, Deletic and Maksimovic 1998).  

5.3 Sensitivity of stormwater quality to climatic changes 

Independent of the build-up/wash-off parameter pair tested a specific pattern 
for the simulated TSS load sensitivity to climatic changes could be observed. 
Rain events showed different sensitivities to climatic changes, with respect to 
both relative and absolute changes of TSS loads and that depended on the 
rainfall event characteristics (i.e. depth and intensity). TSS loads for events 
with low to intermediate depths and intensities were most sensitive to climatic 
changes. The contribution of pervious areas as well as different regimes 
affecting the wash-off process should be discussed here in order to explain the 
triangular shape observed for single events and also the patterns observed for 
continuous simulations. 

Until the rainfall fills up the depression storage and its intensity exceeds the 
infiltration rate at that point in time, no runoff from pervious areas occurs. 
However, with the depression storage filled and rainfall intensities greater than 
the infiltration rate, such areas start to contribute to catchment runoff and 
consequently to pollutant wash-off as well. At that critical point of water 
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balance the model is very sensitive, since relatively small changes in the 
climatic input can cause significant changes in runoff volume and the 
associated wash-off load. The reason for that is that the contributing area can 
change dramatically. At its maximum, observed for an intermediate event, an 
increase of the rainfall depth by 22% caused an increase of the TSS load of 
approx. 40%. Only minor changes in both runoff volumes and wash-off loads 
were observed for more intense rain events, since during those events the 
contributing areas did not change.  

For continuous simulations including the Kalmar climate sample and its future 
scenarios huge gaps between the changes in precipitation and changes in runoff 
volume could be observed; the change in runoff volume was strictly higher. 
This can be explained by the runoff contributions of pervious areas. Due to 
climatic changes pervious areas start to contribute runoff and consequently 
runoff volume changes significantly. This phenomenon was not observed to the 
same extent for simulations including the Skellefteå climate sample and its 
future projections. A reason for this is a difference in the distribution of rain 
events with respect to their depths. This is summarized in Figure 15. 

 

Figure 15 Contribution of rain events with various rainfall depth intervals to 
total precipitation 

It can be seen that compared to Skellefteå the Kalmar climate sample has a 
high percentage of relatively small rain events, both for TC and FC3. On the 
contrary the Skellefteå climate sample has a higher percentage of storms with 
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depths larger than 40 mm. Together with the earlier findings, that storms with 
low to intermediate depths are most sensitive to climatic changes with respect 
to runoff volume and TSS load, the different behaviour of the two climate 
samples can be explained.  

Whereas pervious areas were important for runoff volume and TSS load 
sensitivities to climatic changes, it could also be seen that the major amount of 
pollutants originates from impervious surfaces. When comparing the total TSS 
loads produced from continuous runs for Kalmar (23% impervious) with those 
for Skellefteå-HI (62.6% impervious), TSS loads per hectare were about 2 – 
2.5 times higher for Skellefteå-HI. Based on that in can be stated, that pervious 
areas are of minor importance for total TSS loads, and impervious areas 
contribute most to the total TSS load. This finding is supported by Hatt (2004), 
who found strong correlations between the fractions of directly connected 
impervious surfaces and generated pollutant loads.  

In addition, different rainfall regimes affecting the TSS loads are also 
important to explain the triangular shape observed for single events. Low 
rainfall intensities and depths result in low runoff flows and there are more 
pollutants available on the surfaces than the runoff flow can transport. At these 
conditions only the runoff flow controls the wash-off load and therefore the 
wash-off load is transport limited. Higher depths and intensities produce higher 
runoff flows, but at a certain threshold the regime shifts to a pollutant supply 
limitation; there are not enough pollutants on the surface for the runoff flow to 
transport. Therefore a further increase in depth and intensity did not lead to 
such big changes in the pollutant load; in fact a dilution, or decreasing 
constituent concentrations, could be observed. Brodie and Egodawatta (2011) 
supported the occurrence of supply limited conditions. They found that TSS 
loads were increasing with the average rainfall intensity up to a certain 
threshold intensity, but a further increase did not lead to higher TSS loads, 
since the available pollutants were exhausted. Furthermore studies dealing with 
the phenomenon of first flush can provide further evidence. Deletic (1998) 
defined the first flush as the case where significantly more than 20% of the 
cumulative pollutant load was washed off with the first 20% of the cumulative 
runoff volume. This leads to the conclusion that pollutant build-up is depleted 
in the early part of a runoff event. Evidence for the first flush was found in 
Sansalone and Buchberger (1997) as well as in Deletic (1998). The influence 
can also be observed in Figure 12, where the percent changes were different for 
different wash-off coefficients. Generally higher changes could be observed for 
low wash-off parameters. For such parameters it is less likely to find supply 
limited conditions, since one event does not have the capability to wash-off 
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high amounts of TSS and consequently there will be enough TSS on the 
surface to wash off. On the contrary high wash-off coefficients cause higher 
wash-off loads and therefore supply limited conditions are more likely.  

Significant differences between the two climate samples and their future 
scenarios could be observed. For FC3 and Skellefteå, an increase in 
precipitation of about 17.5% could be noted, whereas for Kalmar it was only 
3%. Moghadas (2011) studied seasonal and regional differences in future 
climates for Sweden and concluded that for northern Sweden higher changes in 
total precipitation were projected for the future. In summer, climate change 
effects on precipitation can lead even to negative changes in southern Sweden. 
This was also the reason for the significant differences between the results for 
downscaled scenarios and the scenario based on recommendation of the 
Swedish Water Agency (plus20 scenario). 

5.4 Analysis of variance 

Beside the seasonal and regional variations between climate samples, also the 
variation between the simulation periods was important; in other word 
variations within each climate sample. The different periods underlie high 
variations, so that no statistically significant differences could be observed 
between the TSS loads for the current climate samples and the future scenarios; 
this was shown by the analysis of variance. Another reason for this is that the 
projected changes in the future were relatively small; for the Kalmar climate 
sample an increase of precipitation by 3% only was projected. Furthermore it 
has to be kept in mind that the used climate samples were relatively short. In 
order to describe a climate and its variability of a certain region longer records 
are needed; usually for a period of 30 years.  

5.5 Sensitivity of stormwater quality to non-climatic changes 

The results show that stormwater quality (TSS loads) was very sensitive to a 
progressing urbanization (i.e. scenario 5 & 6). It can be noted that scenario 5 
(higher impervious fraction) and scenario 6 (larger area) produced comparable 
results. This supports the findings made before that the major amount of 
pollutants originates from impervious surfaces. Furthermore a higher release of 
heavy metals was assumed in those scenarios and in some cases the loads were 
about 40% higher compared to the baseline scenario. This leads to the 
conclusion that combined effects of a progressing urbanization and a higher 
abundance (supply) of pollutants can have a significant effect. Furthermore it 
can be observed that the relative impact of climatic changes (scenario 1) was 
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small. On the contrary for scenarios assuming less km driven (Scenario 3) and 
the usage of alternative materials in brake linings (Scenario 4) significant 
reductions in heavy metal loads could be noted. Those findings are supported 
by Marsalek and Viklander (2011), who discussed past success in controlling 
pollutant sources in stormwater. It was estimated that phasing lead out of 
gasoline contributed to a 97% reduction of lead in freeway runoff. Furthermore 
a decrease in the impervious fraction (Scenario 2) could almost compensate for 
the effects of climatic changes. Therefore the integration of more green spaces 
into the urban environment is likely to be a very effective tool to improve 
stormwater quality. Based on that, it can be stated that while climatic changes 
will affect the quality of stormwater in the future, it is most likely that a 
progressing urbanization as well as changing pollutant sources are more 
important. This is supported by studies focussing on combined effects of 
climate change and urbanization on stormwater quantity, in which it was found 
that urbanization affects the quantity of stormwater significantly. Therefore 
such factors need to be highlighted in future impact assessments (Semadeni-
Davies et al. 2008). 

5.6 Implications for the management of stormwater quality 

The findings made in this thesis have significant implications for the 
management of stormwater quality. The results showed that rain events with 
low to intermediate depths and intensities are most sensitive to climatic 
changes. Those are relatively frequent events, so they contribute to a large 
extent to annual runoff and consequently to pollutant loads. On the other hand 
extreme events are of minor interest for stormwater quality, since while they 
cause flood risk, they do not contribute much to annual pollutant loads and are 
less sensitive to climatic changes due to pollutant supply limitations. Therefore 
it is most likely that annual pollutants loads will change due to climatic 
changes. In fact stormwater management practices are designed to capture 90% 
of the annual runoff, which is produced by such small events (Roesner et al. 
2001). Due to their sensitivity to climatic changes, stormwater control 
measures designed under today’s condition might not have the desired control 
capacity in a future climate, since while the pollutant loads increase, the 
treatment efficiency might be reduced because of higher runoff volumes.  

Results of continuous model runs support those findings, since for simulations 
including the Kalmar climate sample, significant changes in both runoff 
volume and TSS loads were observed while changes in precipitation were 
relatively small. On the contrary, this trend was not as strong for simulations 
with the Skellefteå climate sample. Therefore it is necessary to adjust 
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stormwater control measures to local conditions, since regions can be affected 
differently due to different climates and climatic changes.  

As the results demonstrated not only the climatic changes need to be taken into 
account, but maybe more importantly, other factors influencing stormwater 
quality need to be accounted for as well. The impervious fraction was 
identified to be a very important factor affecting stormwater quality. For 
catchments with low imperviousness, runoff volumes and TSS loads showed 
the highest sensitivities to changes in the climatic input, and that was due to the 
runoff contributions of pervious surfaces. But absolute pollutant loads from 
such catchments, per unit area, were comparably low.  

Simulation scenarios, which included an increase of the impervious fraction, 
produced high changes, because both runoff volumes and pollutant loads 
increased significantly. Compared to that, changes produced by only climatic 
changes were relatively small. Furthermore changing sources can also have a 
significant effect on pollutant loads. Prior studies confirmed that stormwater 
quality depends on many factors and therefore there is a need to take a number 
of factors into account when describing stormwater quality and designing 
stormwater control measures. Liu (2012a) for example concluded that beside 
land use and imperviousness the urban form, such as road layout and spatial 
distribution of urban areas, need to be taken into account. Goonetilleke (2005) 
stated that it is necessary to consider climatic conditions and physical 
catchment characteristics, but stormwater controls should also specifically 
focus on targeted pollutants, since their behaviour can be different. Findings 
made in this thesis highlight as well the need to take several factors into 
account, in addition one needs to be aware that today’s condition can change 
significantly in the future. On the contrary the findings show that a great 
potential exists for positively influencing the future stormwater quality. For 
example a reduction of the directly connected impervious areas could 
compensate for the effects of climatic changes. Furthermore it was shown that 
the benefits of pollutant source controls can be highly significant.  

Generally it can be concluded that non-climatic factors (i.e. progressing 
urbanization and environmental policies) are likely to be of greatest importance 
for future stormwater quality. The population of Sweden is projected to grow 
by 15% until the year 2050 (Statistics Sweden 2011). Therefore it is most 
likely that the population of urban areas will grow as well. For example the city 
of Stockholm expects to grow by about 12% by the year 2030 (City Planning 
Office of Stockholm 2004). This will certainly influence the abundance of 
pollutant sources as well as the amount of impervious surfaces, with the earlier 
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discussed consequences. In that time scale it is therefore uncertain that climate 
change will have a dominant effect compared to the other changes; note that 
the changes caused by FC1 were relatively small. Also the high variability 
involved with the different modelling periods support that statement. With 
respect to water management the relative effect of climate change to other 
factors is also acknowledged in other studies. Lins and Stakhiv (1998) stated 
that for water resource management climate is most important at a daily to 
monthly time scale. But on a decadal scale other factors like population, 
technology, economy and environmental policies become of major importance, 
since the relative effect of climate change is small on that time scale.  

So while climatic changes will most likely affect stormwater quality in the 
future other factors could be more significant, which induces the need for 
further research on a smart growth of urban areas, including effective 
environmental policies, since such research could contribute most significant 
improvements of stormwater quality. 

5.7 Future research 

The numerical simulation results presented in this thesis involve large 
uncertainties, and this must be considered when drawing conclusions. On the 
one hand computer simulations always involve uncertainties, but with respect 
to stormwater quantity those uncertainties could be assessed by the applied 
calibration and verification procedures. And to handle uncertainty for 
stormwater quality several parameter sets were chosen in order to cover a range 
of likely values. On the other hand regarding the future trends in stormwater 
quality it is very difficult to address the involved uncertainties with confidence, 
since as mentioned before many factors exert influences. It is therefore 
necessary to include more scenarios for climate, progressing urbanization and 
changing pollutant sources in order to increase the robustness of simulated 
results. With respect to pollutants this study considered only few constituents 
(i.e. TSS and two heavy metals) and the list of pollutants should be expanded 
in order to increase the analysis comprehensiveness. 

A significant limitation of this study is that it focused only on the wet period of 
the year, since earlier studies published in the literature concluded that runoff 
during the snowmelt period can be highly polluted (Hallberg et al. 2007, 
Westerlund et al. 2003). Westerlund (2003) compared rain generated runoff 
with runoff during snowmelt and concluded that pollutant concentrations and 
loads were significantly higher during snowmelt. Therefore snowmelt 
contributes a considerable share of annual pollutant loads, especially in regions 
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with a long winter period as it is the case for Skellefteå. Snowmelt periods 
might be more frequent in the future, due to an increasing temperature in the 
course of climatic changes. Therefore it would be of interest to include 
snowmelt simulations in future research. So far snowmelt modelling shows 
poor accuracy especially in the urban context (Westerlund et al. 2008) and 
consequently there is a need to improve urban snowmelt models.  
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6 CONCLUSIONS 

Based on the findings made in this thesis the following conclusions may be 
drawn: 

� Rain depth, intensity and duration were identified as explanatory 
variables describing the simulated event loads of TSS. 

� Runoff volumes and TSS loads for single rain events showed different 
sensitivities to climatic changes depending on rain event characteristics 
(i.e. the rainfall depth and intensity). 

� Runoff volumes and TSS loads for rain event simulations, with low to 
intermediate depths and intensities, were most sensitive to changes in 
the climatic input. 

� Pervious catchment surfaces affected significantly the runoff volume 
and TSS load sensitivities to climatic changes, but were only of minor 
importance with respect to the generation of pollutant loads.  

� Climatic conditions and their future projections can vary significantly 
between different regions of Sweden and such variations will affect 
stormwater quality. 

� Impervious surfaces were the main contributor of the total pollutant 
loads, and were therefore an important parameter in future scenarios.  

� Due to high inter-annual variability within the rainfall records used, no 
statistically significant difference for TSS loads between the current 
climate sample and the future scenarios could be found.  

� Progressing urbanization combined with a higher abundance of 
pollutant sources will most likely produce increasing pollutant loads in 
the future. With respect to stormwater quality, those changes are likely 
to be of greater importance than the changes caused by climate change. 

� Pollutant source control measures can be very effective in reducing 
pollutant loads and show a great potential to improve stormwater 
quality. 

� Since the impact of climatic changes was small compared to changes 
produced by a progressing urbanization with respect to stormwater 
quality, future research should aim on a smart growth of urban areas.  
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Modelling the effects of changes in rainfall event characteristics
on TSS loads in urban runoff
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Abstract:

The effect of changes in rainfall event characteristics on urban stormwater quality, which was described by total suspended solids
(TSS), was studied by means of computer simulations conducted with the Storm Water Management Model for a climate change
scenario for northern Sweden. The simulation results showed that TSS event loads depended mainly on rainfall depth and intensity,
but not on antecedent conditions. Storms with low-to-intermediate depths and intensities showed the highest sensitivity to changes
in rainfall input, both for percentage and absolute changes in TSS wash-off loads, which was explained by the contribution of
pervious areas and supply limitations. This has significant implications for stormwater management, because those relatively
frequent events generally carry a high percentage of the annual pollutant load. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Progressing urbanization exerts strong impacts on the
environment, including those on the atmosphere, surface
waters, wetlands, soils, groundwater and biota (Marsalek
et al., 2008). Among such impacts, perhaps the best
understood are those on surface waters, characterized by
increased runoff and flooding, impaired receiving waters
quality and ultimately the loss of biodiversity and
impaired beneficial water uses. In this context, urban
runoff, also referred to as urban stormwater, is considered
as a significant source of pollution impacting the water
quality in many receiving waters. Pollutants like total
suspended solids (TSS), heavy metals, polycyclic aro-
matic hydrocarbons, nutrients and faecal pollution
bacteria are causing problems in the aquatic environment
(US EPA, 1983).
The process of pollution of urban stormwater is

primarily explained by the accumulation of pollutants
on the catchment surface and their wash-off by storm-
water during wet weather (Huber and Dickinson, 1988)
and depends on both pollutant sources, in terms of
accumulation, and rainfall/snowmelt characteristics, with
respect to the wash-off. Both underlying processes are
highly dynamic and variable, as noted for individual
discrete events (Brodie and Egodawatta, 2011), and,
consequently, general assessments of stormwater quality
are often conducted over extended time periods, such as a
season, or year (US EPA, 1983), which is acceptable for

conservative pollutants generally exerting chronic im-
pacts (e.g. TSS) (Ministry of the Environment Ontario,
Canada, 2003). With respect to wash-off, the interest
moves from weather conditions for individual events to
climatic conditions, which represent a composite of
weather conditions averaged over such periods as
30 years, in the case of climate normals. While classical
hydrology was based on an assumption of a stationary
climate, extensive literature from the last two decades
indicates that this assumption may no longer be valid, and
researchers are now focusing on climate change and its
impacts on rainfall in various parts of the world, including
urban areas (Willems et al., 2012).
Climate change scenarios for northern Sweden project

an increasing trend in hourly rainfall maxima in the
future, and such changes would be particularly likely
during the spring and autumn (Hernebring and Svensson,
2011; Moghadas et al., 2011). Higher rainfall depths and
intensities and, therefore, higher runoff peak flows will
affect the wash-off process with respect to the
mobilization of pollutants and their transport. Hence, it
is likely that in a changing climate, the quality of
stormwater will change as well, assuming that the
pollutant sources remain the same. Thus, the assessment
of possible future trends in urban stormwater pollution is
essential for assessing the existing stormwater manage-
ment strategies and securing their performance in a
changing climate by employing adaptation measures.
The assessment of stormwater management strategies

in a changing climate needs to be based on computer
simulations of climate change scenarios, by means of
urban runoff models, recognizing that the current
advanced models are capable of simulating the generation
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of urban stormwater runoff for broadly varying condi-
tions, with a high level of certainty (Zoppou, 2001).
Furthermore, these models also mimic fairly well the
processes governing the quality of stormwater and,
therefore, can be used as practical tools for examining
changes in stormwater quality due to climatic changes
(Tsihrintzis and Hamid, 1998; Vaze and Chiew, 2003a).
Process-based stormwater quality models use mathemat-
ical formulations to describe the underlying processes
affecting stormwater quality, according to our current
understanding. Typically, these models simulate dry-
weather accumulations of pollutants and their subsequent
wash-off during rain events.
Earlier research provides valuable guidance for simu-

lation studies of stormwater quality. Concerning the
pollutant build-up, Sartor and Boyd (1972) and Vaze and
Chiew (2002) reported that the rate of pollutant build-up
is not linear, with high rates occurring during the first
several days after a rain event, or street cleaning, and
reduced rates occurring later, as a maximum surface load
is asymptotically approached. The above authors attrib-
uted this decline in accumulations to potential pollutant
removal by wind and vehicular traffic, and decay. During
pollutant wash-off, the accumulated pollutants are eroded
(mobilized) and hydraulically transported to the drainage
system and into the receiving waters. A number of studies
concluded that individual rain events may remove only a
part of the pollutants available on the surface, depending
on rainfall properties and the characteristics of runoff
from both impervious and pervious areas (Sartor and
Boyd, 1972; Vaze and Chiew, 2003b; Brodie and
Egodawatta, 2011). The primary constituent in modelling
stormwater quality is TSS, for which the build-up and
wash-off concepts were developed, and this constituent is
also considered crucial for stormwater quality manage-
ment in a number of jurisdictions (e.g. (Ontario) Ministry
of the Environment, 2003).
Studies of climate change impacts on urban drainage

started with assessing the effects on the quantity of
stormwater and its conveyance by urban drainage systems
(Berggren et al., 2011). However, relatively few studies
addressed the potential impacts on stormwater quality and
its management. He et al. (2011) applied an event-based
statistical model to study climate change impacts on
stormwater quantity and quality. Generally an increase in
runoff volumes and peak flows was predicted and led to
higher pollutant wash-off rates. In another study with a
rainfall simulator, the effects of climate change on the
wash-off of volatile organic compounds were examined.
It was concluded that low, low-to-moderate and high
rainfall intensity events, resulting from climate change,
will affect the wash-off process of volatile organic
compounds (Mahbub et al., 2011). The preceding studies
provide valuable insights into the potential stormwater
quality changes, but with a limited explanation of changes
in the build-up/wash-off processes and their dependencies
on climatic characteristics. A different approach was
reported by Sharma et al. (2011), who studied climate
change impacts (increased rain intensity) on build-up/

wash-off processes and assumed the wash-off of
pollutants to be proportional to rainfall intensity.
However, this assumption may ignore the cases influ-
enced by pollutant supply limitations and the potential
full removal of available pollutants from the surface,
especially for high rain intensity events. Thus, there are
opportunities for further advancement of knowledge on
climate change effects on stormwater quality by focusing
on advanced simulations with process-based models for
selected climate scenarios.
The objective of the study reported herein is to examine

the effects of changes in rainfall characteristics, due to
climate change, on the stormwater quality simulated for a
particular urban catchment. In the first phase of the study
reported here, the current (existing) pollutant sources and
environmental practices are assumed and the stormwater
quality is described by a single constituent, TSS. Thus,
the results presented focus on TSS carried by stormwater
runoff from discrete rain events for the current and future
climate projections.

METHODOLOGY

The overall approach taken is based on comparing sets of
event-based stormwater quality simulations produced for
a test catchment and for the current and future climate
scenarios. Details follow.

Study site

The study catchment is a residential suburb of the city
of Skellefteå located in Northern Sweden (64� 450 000 N,
20� 570 000E). The catchment area is 235 ha, of which
82 ha represent the directly connected impervious area,
thus yielding the imperviousness of i = 35%. The area
houses mostly residential buildings, with a typical lot size
of 600 – 850m2. Front lawns slope toward the streets;
backyards are drained by swales running between the
houses and draining onto streets. The catchment is served
by a separate storm sewer system, made of concrete sewer
pipes ranging in sizes from 0.225 to 1.8m. Sewer flow
measurements were available for several locations; those
used in this study were collected in the main sewer trunk,
short distance (350m) upstream of the drainage system
outfall. This area has been selected as a study catchment
for the following reasons: (1) It represents a typical
Northern Sweden residential development with potential
transferability of results to other locations, (2) availability
of rainfall/runoff data, including a rainfall record with
high temporal resolution and flow measurements in
different parts of the catchment and (3) availability of a
rainfall/runoff model setup for the catchment.

Model description

The Storm Water Management Model (SWMM) of US
EPA was chosen as the simulation engine, recognizing
that other well-established models should produce
comparable results. SWMM has been successfully
applied worldwide for the simulation of stormwater in
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urban areas. Since its development by the U.S. Environ-
mental Protection Agency in the early 1970s, the model
has been continuously maintained and updated. It has the
capability of simulating both stormwater quantity and
quality processes, including surface runoff and transport
through sewers to the outlets discharging into receiving
waters. Furthermore, the simulation of treatment facilities
is also included, but in this study, only surface runoff
processes were simulated. The computation of surface
runoff is based on the theory of non-linear reservoir, and
the hydrologic abstractions considered include surface
depression storage and infiltration on pervious areas.
Runoff occurs from impervious areas if rainfall exceeds
the depression storage depth. Runoff from pervious areas
occurs in the form of the Hortonian overland flow, when
rainfall exceeds the infiltration rate and fills the
depression storage. Using the kinematic wave approach,
a runoff hydrograph is computed for individual subcatch-
ments characterized by such physical properties as the
area, length of overland flow, ground slope, percentage of
imperviousness and surface roughness. Pollutant build-up
is simulated during dry weather and is followed by
pollutant wash-off during rain events. For pollutant build-
up, there are three options: the exponential, power or
saturation functions. For wash-off, there are two options:
an exponential method or a rating curve. Different
pollutants with various build-up and wash-off properties
can be included. Finally, different land uses and street
sweeping in the subcatchments can be also considered
(Huber and Dickinson, 1988).

Model setup

Based on the stormwater drainage system and the local
topography, the test catchment was delineated with a
contributing area of 235 ha. For catchment discretization,
subcatchments were assigned to end manholes and some
additional manholes, as practiced by the Danish Hydraul-
ic Institute (Persson, O., personal communication,
October 2011). Consequently, the catchment area was
divided into 51 subcatchments, which represent a fairly
detailed discretization.

Hydrological parameter estimation and calibration.
The surface slopes of individual subcatchments were
calculated from the catchment digital elevation model.
Following the SWMM manual, individual subcatchments
were approximated by rectangles, and the total width of
the overland flow (i.e. the SWMM input parameter
concerning overland flow geometry) was estimated as
twice the longitudinal dimension of such rectangles.
Subcatchment runoff was input into the sewer system
through the sewer inlet, which was the closest to the
subcatchment area centroid. Impervious fraction, surface
roughness (described by Manning n), depression storage
depth and Horton infiltration parameters were used for
hydrological calibration. Since the observed rainfall/
runoff events were sensitive only to the depression
storage depth, this parameter was adjusted during
calibration. For other parameters, the default values from

the SWMM manual (Huber and Dickinson, 1988) were
adopted. In Table I, the SWMM hydrological parameters
are listed, as well as their default values and calibration
ranges of the depression storage depths.
Over a period of 6weeks, rainfall and the correspond-

ing runoff flows in five nodes of the sewer system were
measured. Temporal resolution of rainfall data was 5min;
the accuracy of flow measurements was estimated
at� 10% (Lindblom and Hernebring, 2007). This period
contained 14 rain events with a total volume of 210mm.
Three such events were rather intense, with 120min
maximum intensities exceeding that with an annual return
period. All other events were fairly small, with return
periods less than one year based on their 120min max
intensity. Further information about the rainfall/runoff
measurements can be found elsewhere (Lindblom and
Hernebring, 2007).
The first eight events, containing 58% of the total

rainfall depth, were used for calibration purposes, and a
verification run was performed over the remaining period
of observations. Objectives for the hydrological calibra-
tion were to match the measured and simulated event
runoff volumes and peak flows within some limits
comparable to the calibration results published by others
(Tsihrintzis and Hamid, 1998; Temprano et al., 2006).
Thus, the target values for these matches were chosen as
�10% for runoff volumes and �20% for runoff peak
flows. Furthermore the timing and the shape of the
modelled hydrographs should match the measured ones.
Rising and falling hydrograph limbs should be practically
identical, within a few minutes.
Calibration of runoff volumes was done in two steps.

First, roads and roofs were considered for estimating the
catchment imperviousness fractions. Subsequently, small
rain events which produce runoff from impervious
surfaces but not from pervious surfaces were simulated.
The simulation results were compared to flow measure-
ments for those events, and the impervious fractions were
adjusted to match the measured and simulated volumes.
This assures that all impervious surfaces in the model are
directly connected to the drainage system. Second, the
depression storage depths were adjusted both for pervious
and impervious areas. This is done by simulating the rain
events considered for calibration and comparing the

Table I. SWMM hydrological parameters

Parameter Value

Surface roughness
Impervious n 0.014
Pervious n 0.08
Horton infiltration parameters
Maximum infiltration rate 25mm/h
Minimum infiltration rate 5mm/h
Decay coefficient 5 h�1

Depression storage depth
Pervious 2.5 – 5.5mm
Impervious 1 – 2.5mm
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modelled flow in manholes with the corresponding
measured flows. To evaluate the verification run,
simulated values of event volumes and peak flows were
plotted against the measured values for all the nodes
where flow measurements were available. The goodness
of fit was assessed by linear regression in the form ys = a
ym (ys = simulated value; ym =measured value). The
regression function, as well as the correlation coefficient,
were evaluated. The slope a of the regression function
should be close to 1 (perfect fit), and the R2-value which
determines the goodness of fit should be as close to 1.0 as
possible. Such a procedure is used commonly to evaluate
model verification (Tsihrintzis and Hamid, 1998).

Parameter estimation for water quality processes. A
number of different parameter pairs for TSS build-up and
wash-off can be defined based on the earlier studies
published in the literature (e.g. Vaze and Chiew, 2002,
2003b; Egodawatta and Goonetilleke, 2006; Egodawatta
et al., 2007; Brodie and Egodawatta, 2011; Li and Yue,
2011). Specifically, two different parameter values for
pollutant build-up (slow and fast rates) and three different
parameters for wash-off (low, intermediate and high rates)
were tested, yielding six different parameter pairs.
Exponential functions expressed by Equations (1) and
(2) were used to describe the build-up and wash-off:

Build-up : B ¼ b1 1� e�b2�t� �
(1)

where B = build-up of solids (TSS), b1 =maximum build-
up possible, b2 = build-up rate constant and t = elapsed
time.
Fast build-up rates as well as slow build-up rates were

tested. Intermediate rates were not considered; as
discussed later, in the rainfall series used, antecedent
dry days did not have a significant influence on the wash-
off loads. With the fast rate, 80% of the maximum build-
up was reached in less than 2 days, and with the slow rate,
it took 5.5 days to reach 80% of the maximum build-up.
The maximum build-up mass was held constant and set to
35 kg of TSS/ha. Testing different maximum build-up
masses was not needed, since wash-off patterns were
independent of the maximum build-up; the fraction
removed by a single rain event remained the same, so
the produced results could be directly scaled up.

Wash-off : W ¼ w1q
w2B (2)

where W=wash-off load of solids (TSS), w1 =wash-off
coefficient, q = runoff rate and w2 =wash-off exponent.
To represent different wash-off rates the wash-off

coefficient in Equation (2) was varied. The wash-off
exponent showed only a minor sensitivity for the range of
values reported in the literature and was set to 1.15. To
get a best estimate of practical values of parameters in
Equation (2), the wash-off rates were adjusted to yield
standard EMC values of TSS representing Swedish urban
conditions, which were described by Larm (1997) as
about 100mg TSS/l. Incidentally, this TSS EMC is
identical to the US EPA (1983) best estimate for a median

urban site of 100mg/l, as derived in the nation-wide
urban runoff program (NURP). This adjustment was
achieved by a wash-off coefficient of 0.04. Using this
value as the best estimate, two more wash-off rates were
defined representing a low practical value and a high
practical value, respectively. The low practical value
(w1 = 0.013) was chosen to yield about three times lower
TSS EMCs, and the high practical value (w1 = 0.12)
yielded about three times higher TSS EMCs, compared to
the TSS EMC standard value. These choices covered one
order of magnitude of TSS EMCs, and the upper value
was comparable to the 90th percentile for a median urban
site as defined in the NURP report (US EPA, 1983).
Finally, different parameter pairs applied in simulations
are summarized in Table II, and the notation defined in
the table is then used throughout the rest of the paper.

Historical climate data and climate change scenarios

A historical rainfall record can serve as a sample of the
current climate. Only liquid precipitation in the form of
rain was studied; snowfall was considered outside of the
scope of this study. The available rainfall data were
recorded over a period of 15 years (1996–2010) using a
tipping bucket rain gauge, with a bucket volume
corresponding to 0.2mm of rainfall. The rainfall record
also served for determining maximum intensities for the
durations of 5, 10, 15, 20, 30, 40, 50, 60, 90 and 120min
and estimating the corresponding return periods for
individual events, on the basis of local Intensity–
Duration–Frequency curves. Furthermore, the rainfall
depth, duration and antecedent dry days for every event
were noted. The rainfall record and its statistics were
described in more detail elsewhere (Hernebring, 2006).
From the sample of the current climate, 56 discrete rain

events were selected based on two criteria: (1) a minimum
depth of 6mm, and (2) the minimum inter-event dry
period of 5 h (0.2 days). The rain events used in
simulations have return periods ranging from 0.08 years
to 1.7 years (for the 120min max intensity duration).
More extreme events were not considered in this
evaluation, because they would influence too much the
data set statistics. Furthermore those events are not of
high interest in this study of stormwater quality; note that
stormwater quality controls focus on smaller events. In
fact, most best management practices are designed to
capture 90% of the annual runoff, which is produced by

Table II. Stormwater quality simulation parameter pairs

Notation Parameter values

SL Slow Build-up (b2 = 0.3); low wash-off rate (w1 = 0.013)
SI Slow Build-up (b2 = 0.3); intermediate wash-off rate

(w1 = 0.04)
SH Slow Build-up (b2 = 0.3); High wash-off rate (w1 = 0.12)
FL Fast build-up (b2 = 0.9); low wash-off rate (w1 = 0.013)
FI Fast build-up (b2 = 0.9); intermediate wash-off rate

(w1 = 0.04)
FH Fast build-up (b2 = 0.9); high wash-off rate (w1 = 0.12)
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relatively frequent rain events with short return periods
(Roesner et al., 2001).
To reflect climate change, future climate projections are

used, and the historical rainfall records are rescaled to
serve as an input to the stormwater TSS simulations.
Among the future projections, the A1B scenario, defined
in the IPCC report (Nakicenovic and Swart, 2000), was
selected. Only one scenario was used, since the aim of
this study was examination of the sensitivity of storm-
water TSS simulations to climatic changes rather than
differences in climate change scenarios. It is a medium
severity scenario, based on a more integrated world with
fast economic and technical development and stabilizing
world population. To generate the future projections, the
global circulation model ECHAM was used (Roeckner,
1996), and the downscaling for the test catchment was
performed by means of the regional climate model RCA 3
(Kjellström, 2005). The future projections span from
2011 until the year of 2100, but for this study, only the
projections for the end of the 21st century (2071 – 2100)
were selected. The rainfall records were rescaled using the
delta change method as described in Olsson et al. (2012).

Model runs and analysis

To address the antecedent conditions, the discrete single
events were extracted from a continuous simulation to
establish the actual initial conditions for every event, which
included: The pollutant mass available on the surface, the
filling of surface depression storage and soil infiltration
capacities at the onset of individual events. In the current
SWMM version, it is not possible to extract a time series of
the available pollutant mass from the modelling results,
which was needed for further analysis. To overcome this
problem, the runoff quantity was simulated separately from
the runoff quality. Runoff quantity was simulated continu-
ously with the SWMM, and the simulated flows were
entered into an Excel spreadsheet, in which runoff quality
(TSS) was calculated, using the equations for pollutant
build-up (Equation (1)) and wash-off (Equation (2)). In this
process, the available pollutant masses and wash-off loads
were calculated for every time step.
For the current climate scenario (baseline events) as

well as for the far-future projection (modified events), the
runoff volume, initial build-up mass and the wash-off
load were noted for every single event, for all the six
parameter pairs described earlier. The wash-off loads of
TSS were calculated for both baseline (reference) events
and the modified events, and the differences in loads were
calculated in terms of both absolute values and relative
changes expressed in percent.

Statistical analysis

Selection of an appropriate duration of rainfall intensity
for assessing TSS wash-off. The maximum rainfall inten-
sities of rain events are defined for different durations, as
described in Section onHistorical Climate Data and Climate
Change Scenarios. To determine which duration is the most
appropriate (influential) to describe the TSS wash-off load

within the dataset used, correlations between the TSS wash-
off loads and different duration intensities were performed.

Correlations among the rainfall characteristics. To
check if different rainfall characteristics (depth, duration,
intensity and antecedent dry periods (ADPs)) are correlated
to each other, a correlation matrix was generated, and the
results are presented in the next section.

Explanatory principal component analysis for rainfall
characteristics. To determine which rainfall characteris-
tics influence the most the wash-off process, the
simulation results were analysed using a principal
component analysis (PCA), which is a multivariate
technique serving to analyse interrelationships among a
large number of variables (Hair et al., 2010). In the water
quality research, PCA has been used as a pattern
recognition technique (Settle et al., 2007; Miguntanna
et al., 2010; Mahbub et al., 2011). One outcome of a PCA
is a loading plot, in which different variables (i.e.
different rainfall characteristics together with the wash-
off loads for the different parameter pairs) are represented
as vectors. The vectors forming acute angles are
considered as correlated variables, but if the angle is
orthogonal, the variables are uncorrelated. The length of
the vectors represents the significance of the variable
within the single principal components and can be used as
a measure for how much variability in the dataset a
certain variable can explain.
The ADPs were defined in several ways, depending on

the antecedent rainfall depths. These multiple definitions
were needed, since small events do not have a sufficient
capacity to wash off sediments from catchment surfaces,
and therefore do not exert a significant effect on the initial
(antecedent) conditions of the following event. On the
other hand, large rain events, which remove larger
fractions of the available pollutants, will be more
significant. To evaluate the influence of the antecedent
rainfall depths, the ADPs were determined for every event
based on the days after an event with at least 2, 6 and
10mm of rainfall.

TSS simulation sensitivity to changes in rainfall inputs.
Scatter plots were used to examine the sensitivity of the
stormwater TSS simulations to changes in climatic
variables due to climate change projections. The
changes in wash-off load of TSS were then plotted
against the most important rainfall characteristics of the
baseline (reference, unmodified) events for pattern
analysis and observation.

RESULTS AND DISCUSSION

Hydrological parameter estimation and calibration

After minor adjustments, the directly connected
imperviousness of the test catchment was selected as
35%, and using the earlier described calibration proce-
dure, the depression storage depths were determined as 1
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and 5mm for impervious and pervious areas, respective-
ly. An example of typical hydrographs (in terms of the
goodness of fit) of measured and simulated runoff flows
from the verification run is shown in Figure 1. The
example was chosen for a node close to the storm sewer
system outlet (further referred to as N1), and the
hydrograph spans a period of 3 days.
In the verification runs, the simulated hydrographs

generally agreed well with the measured ones, with
respect to the timing, and event runoff volumes and peak
flows. Detailed evaluations of the verification runs are
shown in Figure 2 for node N1.
At N1, the runoff volumes were reproduced well

(R2 = 0.99), and the peak flows were slightly over-
estimated (R2 = 0.95). All the other nodes showed
comparable results. Such results are slightly better than
those reported by others (Tsihrintzis and Hamid, 1998;
Temprano et al., 2006).

Appropriate duration of rainfall intensity for assessing the
wash-off process

Themaximum intensity for duration of 120min (i Max 120)
yielded the highest correlation with wash-off loads for all
the six parameter pairs in Table II. Some of the rain events
studied were shorter than 120min; this might weaken the
descriptive capability of i Max 120 for those events. However,
this was found acceptable because the average intensity of
rain events showed a very low correlation with the wash-off
load. Therefore, i Max 120 will be used for the statistical
evaluations later on.

Correlations of rainfall characteristics

In Table III, the correlation matrix for the rainfall
characteristics is displayed. The r-value stands for the
correlation coefficient, the p-value serves to asses if the
correlation is significant and the significant values are bolded.
The data in the table show that the rain depth is highly

correlated to the duration of a rain event, having a high
r-value and a p-value below0.05. Furthermore, themaximum
120min intensity is weakly correlated to the rain depth. It is
therefore crucial to apply a multivariate data analysis method
to analyse the data set instead of regression techniques.

Explanatory rainfall characteristics

TSS loads simulated for various values of rainfall
characteristics (i.e. intensity, duration and depth), the
associated ADPs and six pairs of values of build-up and
wash-off parameters, were subject to PCA. In this
process, a number of (possibly) correlated variables are
transformed into a smaller number of uncorrelated
variables referred to as principal components. In this
particular case, the first component accounted for 61% of
the variability in the data, and the second component
accounted for 19%. The results of the PCA analysis, in
the form of TSS loading plots, are presented in Figure 3.
Since the loading vectors for rainfall depth, intensity and

duration are forming acute angles with the TSS wash-off
loads derived for the six different parameter pairs, it can be
noted that those loading vectors are correlated with the
TSS wash-off loads. The strength of this correlation varies
among the rainfall characteristics, with the correlations for

Figure 1. Comparison of measured and simulated runoff flows at node N1

Figure 2. Evaluation of the verification run; exemplified for node N1
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duration and depth being stronger than that for the rainfall
intensity. The vector of the depth is longer than that of the
duration, allowing the conclusion that the rainfall depth is
the most influential rainfall characteristic with respect to the
wash-off load. This finding is in agreement with Brezonik
and Stadelmann (2002), who identified the rain depth and
intensity as the ‘most explanatory’ variables in multiple
regression models predicting event loads for TSS and other
pollutants. On the other hand, there was practically no
correlation between the antecedent dry days and the wash-
off load, though the vectors for the antecedent dry days with
6 and 10mm rain depths were closer to the wash-off loads.
Again, these results are in good agreement with the findings
published in the literature, where stormwater quality was
generally dictated by the ability of a rain event to wash-off
pollutants rather than the available pollutant mass on the
surface, implying that ADP has limited influence (Deletic
and Maksimovic, 1998; Vaze and Chiew, 2002; Liu et al.,
2012).
Several tendencies can be noted in the series of wash-off

loads produced for the individual parameter pairs from
Table II. Firstly, the wash-off loads for parameter pairs
containing higher wash-off coefficients (particularly FH and
SH) are generally less well correlated to the rainfall
characteristics, as indicated by forming larger angles (with
rainfall characteristics load vectors) than the wash-off loads
for parameter pairs with lower wash-off coefficients
(particularly FL and SL); the latter ones form an acute
angle. Furthermore, wash-off loads for parameter sets
containing high wash-off coefficients show generally a
weaker correlation to each other, whereas wash-off loads for
parameter pairs with low wash-off coefficients are closely

correlated (i.e. their vector plots are closely spaced). This
can be explained by the influence of the available pollutant
mass (i.e. build-up) on the catchment surface. Since for high
wash-off coefficients the washed off fraction is generally
higher and the shortfall with respect to the maximum build-
up increases, there may be less pollutants available for the
following event to be washed off if the build-up rate is not
fast enough. Overall, for the conditions studied, the load
vectors indicate low influence of build-up parameters (see
vectors FL, SL, FI, SI), but higher influence of wash-off
parameters (vectors SH, FH).

Sensitivity to changes in the climatic input to runoff
simulations

In Figure 4, the percent changes in the TSS wash-off
loads are plotted versus the rainfall depth of the unmodified
(reference) events, for all the six parameter pairs. For visual
guidance, linear regression lines (dashed lines) were
inserted for two ranges of the depths; below the maximum
change and above the maximum change, except for the FH
and SH scenarios with high variability for small events,
where no regressions were done below the maximum
change.
In Figure 5, the percent changes in the wash-off loads

are plotted versus the maximum 120min intensity of the
unmodified events, exemplified for two parameter pairs.
In general, the same triangular pattern can be observed

for all the parameter pairs in both Figures 4 and 5,
whereas the shape is more diffused in Figure 5 (TSS load
vs rain intensity), especially for higher wash-off coeffi-
cients; no linear regression could be established here. As
described before, the maximum 120min rainfall intensity
had only a minor power to explain wash-off loads and
showed a correlation to the rain depth. Furthermore, the
same pattern can be observed for the duration of rain
events, which is not shown here. A reason for that is the
high correlation between the rain depth and duration.
The greatest changes can be observed for short duration

storms (about 5 h), with low to intermediate depths and
intensities of approximately 15mm and 8mm/h, respect-
ively. It is noticeable that the amplitude is changing for
different parameter pairs. Significant differences can be
seen for parameter pairs with different wash-off coeffi-
cients. For the pairs with low wash-off coefficients (FL,
SL), changes between 14 and 48% are observed, and
changes between �15 and +25% are noted for the pair
with high wash-off coefficients (FH, SH). Negative
changes may be caused by altered initial conditions,
when antecedent events washed off high fractions of the
available build-up. No clear differences in the shape of
the plots can be noted between the pairs with slow and
fast build-up (i.e. comparing (SL, SI SH) and (FL, FI,
FH)); merely, the amplitudes are different, and this
difference increases with the increasing wash-off coeffi-
cients.
The above discussion leads to three general findings:

(1) the tested rain events show different sensitivities to
climatic changes depending on their characteristics (rain

Table III. Correlation matrix for the rainfall characteristics

ADP (2mm) Duration Depth

Duration r-value �0.147
p-value 0.278

Depth r-value �0.17 0.848
p-value 0.209 0.001

Max 120min
intensity

r-value �0.171 �0.083 0.385
p-value 0.206 0.542 0.003

Figure 3. TSS loading plot obtained by the PCA
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depth, intensity and duration), (2) rain events with low to
intermediate depths and intensities are the most sensitive
and (3) these findings can be observed independently of
the different build-up and wash-off parameter pairs tested.
The contribution of pervious surfaces as well as different
regimes affecting the wash-off process should be
discussed in this context. At low rain depths and
intensities, pervious areas do not contribute to runoff
flow, since depression storage and infiltration uses up all
rainfall (thus, there is no excess rainfall). For intensities
higher than the infiltration rate, the depression storage on
pervious areas can get filled, and such areas start to
contribute to runoff flows, which increases the wash-off
load. At this point, the model is very sensitive to changes
in rainfall. The test catchment studied has a high fraction
of pervious areas (65%), so in this critical region of water
balance, the contributing area could change dramatically.

The maximum response in generation of runoff was noted
for an intermediate intensity event, when the runoff
volume increased by approx. 45%, in response to the rain
depth increase of only 22%. More intense rain events
show only minor sensitivities of generated runoff to rain
intensity changes, since the contributing areas do not
change.
In Figure 6, the relationship between the rain depths of

the unmodified (reference) events and the change of the
runoff volume is shown, with the dashed regression line
derived similarly as in Figure 4.
Furthermore, the different regimes affecting the

generation of TSS loads in stormwater are also important.
Low rainfall intensities and depths result in low runoff
flows, and low capacities of runoff to mobilize and
transport TSS on the catchment surface. Thus, there is a
higher load of pollutants (in this case TSS) on the

Figure 4. Relationship between percent changes in TSS wash-off loads and the rainfall depth

Figure 5. Relationship between percent changes in the TSS wash-off loads and the maximum 120min intensity for two parameter pairs
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catchment surface than the runoff flow can transport. For
these conditions, the wash-off load is transport limited; or
in other words, the primary control of the wash-off load is
exerted by the runoff flow. Higher rain intensities and
depths lead to increased runoff flows, which are effective
in removing pollutants from the catchment surface, but at
a certain threshold, the transport limitation shifts to a
pollutant supply limitation. At this point, there are not
enough pollutants on the catchment surface to meet the
transport capacity of the runoff flow. This results in a
dilution of pollutants and reduced constituent concentra-
tions. Generally, supply limitations can be observed for
events with high depths and intensities, when the change
in wash-off loads is smaller than the change in runoff
volumes, and there are not enough pollutants on the
surface that the runoff flow could wash-off. Consequent-
ly, the event mean concentrations are smaller for the
climate change modified events compared to the original
(reference) events, while the change in wash-off loads is
still positive. This trend becomes more obvious with
increasing wash-off coefficients.
For build-up and wash-off parameter pairs containing

intermediate and high wash-off coefficients, supply
limitation can be observed even for smaller events. Clear
evidence for the existence of supply limited regimes was
given in some earlier studies. Brodie and Egodawatta
(2011) conducted wash-off experiments and concluded
that the wash-off load was increasing with the average
rainfall intensity up to a certain threshold intensity, above
which a constant wash-off load was reached. Higher
intensities did not lead to higher wash-off loads, since the
supply was exhausted. This finding is in a good agreement
with the present study. Furthermore, the existence of
supply limited regimes is discussed in studies dealing with
the first flush phenomena. Deletic (1998) defined the first
flush as the case where significantly more than 20% of the
cumulative pollutant load is washed off with the first 20%
of the cumulative runoff volume. Consequently, this
results in higher pollutant concentrations in the early parts
of a rainfall/runoff event. The reason may be that
accumulated pollutants have been exhausted in the early
part and dilution occurs in the later stage of the rain event.
Clear evidence of the existence of the first flush was given
by Sansalone and Buchberger (1997) as well as Deletic
(1998).
In Figure 7, the absolute change in wash-off load

(caused by a changing climate) versus the rainfall depth is

displayed, for the SI build-up/wash-off parameter set. The
dashed line is derived in a similar way as in Figure 4.
It is noticeable that the maximum absolute changes are

observed in the same depth range for intermediate wash-
off rates, whereas the maximum value is slightly
displaced. The same pattern was observed for the
parameter pairs containing high wash-off rates, but for
brevity, they are not shown here. For low wash-off rates,
such a variation was not noted. The reason is that for low
wash-off rates, fewer events with supply-limited regimes
can be found. It has to be kept in mind that the events
with high rain depths and intensities have capacities to
wash off high fractions of the available build-up.
However, those events are less sensitive to the changes
in rainfall than the intermediate intensity events. Since
these intermediate intensity events are very frequent, they
contribute a significant percentage of the annual rainfall
and the annual pollutant loads. This has important
implications for stormwater management and the design
of stormwater pollution control measures. Annual wash-
off loads are likely to increase in a changed climate, but
high intensity events, while causing flood risks, will not
necessarily contribute significantly more to the annual
pollutant loads, because of pollutant supply limitations.

CONCLUSIONS

This study focused on the impact of climatic changes on
simulated stormwater quality described by TSS concen-
trations. Within the limitations of the simulation setup and
the specific dataset and the test catchment, the following
conclusions may be drawn:

• Rainfall depth, intensity and duration were identified as
explanatory variables for the simulated wash-off loads
of TSS.

• Rainfall depth affects the most the wash-off load in
stormwater quality (TSS) simulations, whereas the
ADP has limited influence.

• Independent of the constituents describing stormwater
runoff quality, specific patterns for the simulated
stormwater quality sensitivity to changes in rainfall
input can be observed.

• Relatively frequent storms with low-to-intermediate
depths and intensities showed the highest sensitivity to

Figure 6. Percent change in simulated runoff volume versus the rain depth Figure 7. Absolute change in TSS wash-off loads from the test catchment,
due to changed climatic inputs, versus the rainfall depth, exemplified for

the parameter set SI
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changes in rainfall inputs, both with respect to relative
(percent) and absolute changes in TSS wash-off loads.
This was explained by TSS supply limitations and the
contributions of pervious areas.

• Pervious areas are likely to have a significant influence
on the runoff and pollution generation processes in a
changing climate and should, therefore, be examined
more closely.

• The preceding findings have significant implications
for stormwater quality management and control, since
frequent storms carry a high percentage of the annual
runoff and the wash-off load.
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ABSTRACT 
The effect of climate change on urban stormwater quality was studied by means of 
computer simulations conducted with the Stormwater Management Model 
(SWMM) for common climate change scenarios developed for northern Sweden. 
The simulation results showed that stormwater quality depended on rainfall 
characteristics; a climate scenario implying increased rainfall depths and intensities 
produced higher pollutant loads carried by stormwater, but reduced concentrations, 
particularly for medium to high intensity storm events.  This type of stormwater 
quality response was explained by pollutant supply limited transport processes and 
the resulting dilution of such pollutants.  Medium intensity events showed the 
highest sensitivity to climatic changes, since such events strongly affected the 
contributions of pervious surfaces. This has significant implications for stormwater 
management, because those relatively frequent events generally carry a high 
percentage of the annual pollutant load.    

KEYWORDS 
Climate change, rainfall characteristics, stormwater runoff quality modeling 

 

1 INTRODUCTION 
Urban stormwater runoff is considered as a significant source of pollution impacting the water quality 
in many receiving waters. Pollutants like total suspended solids (TSS), heavy metals, polycyclic 
aromatic hydrocarbons (PAHs) and nutrients are causing problems in the aquatic environment (US 
EPA, 1983). Among others, the quality of stormwater is influenced by the accumulation and the wash-
off of pollutants. These processes depend on pollutant sources and climatic factors like rainfall 
characteristics. For northern Sweden an increasing trend in hourly rainfall maxima is projected for the 
future. Significant changes are particularly likely during spring and autumn (Hernebring and 
Svensson, 2011; Moghadas et al., 2011). Higher rainfall intensities and, therefore, higher runoff peak 
flows will affect the mobilization of pollutants on street surfaces and their transport. Hence it is likely 
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that in a changing climate the quality of stormwater will change as well, assuming that the pollutant 
sources remain the same, and the assessment of possible future trends is essential in order to develop 
management strategies and adaptation measures considering the impacts of climate change. 

The assessment of climate change needs to be based on computer simulations for climate change 
scenarios, using the most advanced urban runoff models. The current most advanced urban runoff 
models are capable of simulating the generation of urban stormwater runoff, with a high level of 
certainty, for broadly varying conditions (Zoppou, 2001). Furthermore, these models mimic well the 
processes governing the quality of stormwater and, therefore, can be used as practical tools for 
examining changes in water quality due to climatic changes (Tsihrintzis and Hamid, 1998; Vaze and 
Chiew, 2003a). Process-based stormwater quality models commonly use mathematical formulations to 
describe the underlying processes according to our current understanding. Typically, these models 
simulate a dry-weather accumulation of pollutants and their subsequent wash-off during rain events. 
The pollutant build-up is a dynamic process involving continuous pollutant accumulation and removal. 
On the catchment surfaces pollutants accumulate depending on local sources and may be removed due 
to re-suspension by wind and vehicular traffic, or by rainfall/runoff. The earlier studies concluded that 
pollutant build-up is fast during the first several days after a rain event (or street cleaning) and then 
slows down as it approaches some maximum surface load. Therefore, pollutant build-up is often 
described by a non-linear relationship (Sartor and Boyd, 1972; Vaze and Chiew, 2002). Pollutant 
wash-off occurs during rain events. The accumulated pollutants are eroded (mobilized) and 
transported to the drainage system and into the receiving waters. A number of studies concluded that 
storm events typically remove only a small part of the available pollutants on the surface. 
Furthermore, it was reported that wash-off is governed by rainfall properties and the characteristics of 
runoff from both impervious and pervious areas (Sartor and Boyd, 1972; Vaze and Chiew, 2003b; 
Brodie and Egodawatta, 2011).  

Significant research has been done on assessing the climate change effects on the quantity of 
stormwater as well as the operation of urban drainage systems (Berggren et al., 2011). However, there 
are only a few studies addressing the effect of projected changes in rainfall characteristics on urban 
stormwater quality. He et al. (2011) applied an event-based statistical model to study climate change 
impacts on stormwater quantity and quality. Generally an increase in runoff volumes and peak flows 
was predicted and led to higher pollutant wash-off rates (He et al., 2011). In another research study a 
rainfall simulator was used to study climate change effects on the wash-off of volatile organic 
compounds. It was concluded that low, low-to-moderate and high rainfall intensity events, resulting 
from climate change, will affect the wash-off process of volatile organic compounds (Mahbub et al., 
2011). In those studies, a limited attention was paid to the underlying processes and their dependencies 
on climatic characteristics. Thus, process-based models could potentially contribute to a better 
understanding of possible impacts of climate change on stormwater quality.  

The overall aim of this study is to develop a modeling strategy for examining climate change effects 
on the simulated urban stormwater quality in northern Sweden. In the first phase of the study reported 
here, the current (existing) pollutant sources are assumed, and the research focuses on pollutant loads 
carried by stormwater runoff from storm events with increased intensities reflecting future climate 
projections. Towards this end, it is furthermore required to investigate which rainfall characteristics, 
including rainfall depth, duration and intensity, affect the most the wash-off processes in stormwater 
quality simulations.  
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2 METHODOLOGY 
The overall approach taken in this study phase is based on comparing sets of stormwater quality 
simulations produced for a test catchment (A = 1,372 ha) and the current and future climate scenarios. 
Details follow.  

2.1 Study site  

To support the ongoing collaboration, the climate scenario corresponding to the location of the 
municipality of Kiruna was chosen. Kiruna is located 150 km north of the polar circle and has about 
18,000 inhabitants.  

2.2 Model description 

The Storm Water Management Model (SWMM) was chosen as the simulation engine, recognizing that 
other well-established models should produce comparable results. SWMM has been successfully 
applied worldwide for the simulation of stormwater processes in urban areas. Since its development by 
the U.S. Environmental Protection Agency in the early 1970s the model has been continuously 
maintained and updated. It has the capability of simulating both stormwater quantity and quality 
processes, including surface runoff and transport through sewers to the outlets discharging into 
receiving waters. Furthermore, the simulation of treatment facilities is also included, but in this study 
only surface runoff processes were simulated. The computation of surface runoff is based on the 
theory of non-linear reservoir, and the hydrologic abstractions considered include surface depression 
storage and infiltration on pervious areas. Using the kinematic wave approach a hydrograph is 
computed for every single subcatchment considering the physical properties of the subcatchment, 
including the area, length of overland flow, ground-slope, percentage of imperviousness, surface 
roughness, depression storage depth and infiltration. Pollutant build-up is simulated during dry 
weather and is followed by pollutant wash-off during rain events. For pollutant build-up, there are 
three options: the exponential, power, or saturation functions. For wash-off, there are two options: an 
exponential method or a rating curve. Different pollutants with various build-up and wash-off 
properties can be included. Finally, different land uses and street sweeping in the subcatchments can 
be considered (Huber and Dickinson, 1988).  

2.3 Model setup 

The test urban catchment with an area of 1,372 ha was adopted from the earlier studies (DHI, 2012). 
For catchment discretization, Thiessen polygons were assigned to the end manholes, as practiced by 
the Danish Hydrological Institute (Persson, O., personal communication, October 2011). 
Consequently, the catchment area was divided into 545 subcatchments.   

2.3.1 Estimation of hydrological process parameters 

Roads and roofs were considered for calculating the catchment imperviousness. All impervious 
surfaces were assumed to be directly connected to the drainage system. According to the Swedish 
Water Association, runoff coefficients of roads and roofs were taken as 0.8 and 0.9, respectively 
(Svensk Vatten, 2004). Using a GIS layer for roads and roofs, the imperviousness was derived for 
each subcatchment, resulting in a mean imperviousness of 18.9%. The surface slopes of individual 
subcatchments were calculated from the catchment elevation model; the maximum slope was 17% and 
the minimum was 0.8%, with a mean value of 5%. The length of overland flow was approximated by 
the distance from the subcatchment boundary to the inlet to the drainage system. Surface roughness, 
depression storage depth and Horton infiltration parameters were estimated on the basis of 
recommendations in the SWMM manual (Huber and Dickinson, 1988). The surface roughness was 
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described by the Manning coefficients for impervious and pervious subareas. For impervious areas,  
Manning n of 0.014 and a depression storage depth of 1.5 mm were adopted; for pervious areas, the 
corresponding values of Manning coefficient of 0.15 and a depression storage depth of 4 mm were 
adopted. The catchment soil was described as a shallow sandy loam, with a slow to moderate 
infiltration capacity, described by the following characteristics: the maximum (initial) conductivity of 
10 mm/h and the saturated conductivity of 3.5 mm/h, which was reached after 1 hour of continuous 
infiltration.  

2.3.2 Parameter estimation for water quality processes 

Build-up and wash-off model parameters were adjusted according to the earlier studies published in 
the literature (Vaze and Chiew, 2003b; Egodawatta et al., 2007; Brodie and Egodawatta, 2011; Li and 
Yue, 2011). Specifically, an exponential equation (Eq. 1) was applied to simulate wash-off processes. 
The wash-off load of solids, L, is then given by the product of runoff q raised to some power (C2) and 
the amount of remaining build-up B, multiplied by the wash-off coefficient: 

           (1) 

In the preliminary approach, one set of parameters was defined. The wash-off coefficient C1 was 
estimated as 0.08 and the exponent C2 was set to 1.15. Since only wash-off processes were considered 
in this phase of the study, all simulations were performed with the same amount of available pollutant 
(i.e., solids) build-up set to 100 kg/ha. 

2.4 Rain events and their modifications 

A 27-month rainfall record from Kiruna was obtained from the Swedish Institute of Space Physics. 
The rain data had a temporal resolution of 5 minutes. The record contained 21 significant rain events, 
which were further processed, by determining maximum intensities for the durations of 5, 10, 15, 20, 
30, 40, 50, 60, 90 and 120 minutes and calculating the corresponding return intervals (in most cases 
less than 1 year). It should be borne in mind that in stormwater quality considerations, relatively 
frequent storms producing 80-90% of annual runoff are of interest (US EPA, 1983).    

In order to reflect climate change effects, the rain events were modified by increasing their intensities 
by 20% as a preliminary approach. This is in agreement with the climate change projections for 
northern Sweden by the Swedish Water Association (Hernebring and Svensson, 2011). 

2.5 Data processing and analysis  

The individual events and the modified events were simulated separately, and the runoff volume and 
the wash-off load were noted for every simulation. The percentage changes of the modified events 
compared to the original events were calculated for the runoff volume, the wash-off load and the event 
mean concentration (EMC). This was done by dividing the modified event value by the value obtained 
for the original event (prior to any modifications). Furthermore the absolute change for the wash-off 
load was also calculated by subtracting the original event load from that for the modified event. The 
percentage and absolute changes are plotted for different rainfall characteristics of the original event, 
including the rainfall depth, duration and maximum intensity over different durations. It was noted that 
various maximum intensity durations produced different changes in EMCs, described by coefficients 
of determination (R2) varying from 0.28 (for a duration of 5 min) to 0.93 for a duration of 60 minutes 
(see Fig. 1). Consequently, the duration of 60 min was adopted as the most appropriate for describing 
the stormwater quality changes in the test catchment studied.  
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3 RESULTS AND DISCUSSION 
Generally higher rainfall depths and intensities result in higher runoff volumes and wash-off loads of 
solids in simulated stormwater runoff, as shown for selected events in Table 1. No significant 
correlation can be established between the duration of the rain events and solids loads, whereas a high 
R2 is observed for the rainfall depth vs. the solids wash-off load. As mentioned earlier, the 60 min max 
intensity turned out to be the most appropriate duration for plotting the changes in solids loads 
produced. As seen in Fig. 1, the duration of 60 minutes provides the best correlation between the rain 
intensity and the percentage change of EMC of solids. This is also valid for the correlation of the 
solids wash-off load vs. the 60 min max intensity. This duration is obviously related to the catchment 
hydrological response time, which can be defined in various ways, including the time of concentration 
(Ven Te Chow, 1964). High intensity bursts of durations shorter than the time of concentration 
produce the corresponding steady state runoff from only some part of the catchment and hence do not 
necessarily produce the maximum runoff (note the time-area curves used in hydrology). Some 
estimate of the test catchment response time was obtained by simulating catchment runoff for block 
rainfall inputs with a corresponding intensity of 10 and 20 mm/h, respectively. With the duration of 
120 minutes the highest steady state runoff was produced. Hence, high intensity bursts of durations 
much shorter than 120 min will not produce high steady state runoff values, and a similar finding 
seems to be true for changes in stormwater quality. Thus, the catchment functions as a filter which 
when producing runoff balances out many short duration rainfall intensity peaks. The selected duration 
of 60 min may not be appropriate for event No. 4 (Table 1), which was characterized by a very short 
duration (35 min) and relatively high rainfall depth. The 60 min max intensity underestimates such an 
event by spreading the rain volume over a duration exceeding the storm duration. Consequently, this 
event was excluded from further consideration,.  

Table 1. Runoff volume and solids wash-off load for exemplary rain events. The rainfall 
characteristics are related to the original events.    
Event Depth 

[mm] 
Duration 
[h] 

60 min max 
Intensity 
[mm/h] 

Runoff 
original 
[mm] 

Load 
original 
[kg*103]  

Runoff 
modified 
[mm] 

Load 
modified 
[kg*103] 

1 6 7.8 4.6 0.6 5 0.8 7 

2 14.9 3.3 8.1 2.3 23 4 40 

3 39.4 8.3 18.8 16 107 22.7 123 

4 10 0.59 9.97 1.14 18 2.1 26 

 

Event 1 is characterized by a relatively low rainfall depth and 60 min max intensity, whereas event 3 
was the most severe event during the recording period in Kiruna. With climate change scenario 
modification of the events, the runoff volume increases by 33% for event 1 and 41% for event 3, 
whereas the solids wash-off load increases by 40% for event 1 and only 14% for event 3. This implies 
that the EMC of event 1 increases by modification and decreases for event 3, respectively. But the 
highest percentage increase is observed for event 2, a medium intensity event, for which both runoff 
volume and wash-off load are almost doubled. This leads to two findings: (a) the climate change 
modification of a low intensity event leads to an increased EMC, whereas (b) for a high intensity 
event, a decreased EMC is noted. Furthermore the rain events show different sensitivities to changes 
in rainfall depending on their depth and intensity. On the right side of Fig. 1, the 60 min max intensity 



 6 

is plotted vs. the percentage change of EMC. The same negative correlation is observed for rainfall 
depths also with a comparably high R2.    

  

Figure 1. Relationship between the duration of the maximum intensity and the R2 (calculated for EMC change 
vs. max intensity duration)(left).  Relationship between 60 min max intensity and percentage change of EMC 
(right) 

Different regimes affecting the wash-off process should be discussed in this context. Low rainfall 
intensities and depths result in low runoff flows; there are more pollutants on the catchment surface 
than the runoff flow can transport. At these conditions the wash-off load is transport limited; or in 
other words, only the runoff flow controls the wash-off load. Higher intensities and depths lead to 
increased runoff flows, but at a certain threshold the transport limitation shifts to a pollutant supply 
limitation. At this condition there are not enough pollutants on the surface for the runoff flow to 
transport. This results in a dilution of pollutants and decreased constituent concentrations. A study by 
Sharma (2011) showed seemingly contradictory findings. A climate change scenario was simulated 
with increased intensity of extreme events and it was concluded that concentrations of pollutants 
would increase due to increased rainfall intensities. However, the model used in that study assumed 
the pollutant wash-off being proportional to rainfall intensity (Sharma et al., 2011). By doing so 
supply limitations are neglected, which might be the case for soil erosion, but not for pollutant 
accumulations on impervious surfaces. Clear evidence for the existence of supply limited regimes is 
given by other earlier studies. Brodie and Egodawatta (2011) conducted wash-off experiments and 
concluded that the wash-off load was increasing with the average rainfall intensity up to a certain 
threshold intensity, above which a constant wash-off load was reached. Higher intensities did not lead 
to higher wash-off loads, since the supply was exhausted (Brodie and Egodawatta, 2011). This finding 
is in good agreement with the present study. Furthermore the existence of supply limited regimes is 
discussed in studies dealing with the first flush phenomena. Deletic (1998) defined the first flush as 
the case where significantly more than 20% of the cumulative pollutant load is washed off with the 
first 20% of cumulative runoff volume. This consequently results in higher pollutant concentrations in 
the early part of a rain event. The reason may be that accumulated pollutants have been exhausted in 
the early part and dilution occurs in the later stage of the rain event. Clear evidence of the existence of 
the first flush was given by Sansalone and Buchberger (1997) as well as Deletic (1998). 

As mentioned before it was observed that the sensitivity of loads to general changes in rainfall 
depended on specific rainfall characteristics. In Fig. 3 the runoff volume and the wash-off load are 
plotted over the 60 min max intensity. A similar triangular shape was observed for the runoff volume, 
which is not displayed here. 
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Figure 2. Relationship between the 60 min max intensity and percentage change (left) and the absolute change 
(right) of the solids wash-off load.  

In general, rainfall events of an intermediate intensity are very sensitive to climatic changes, resulting 
in high percentage changes of wash-off loads. The explanation for that can be found by examining the 
contribution of pervious areas representing a large part of the test catchment (81%). At low intensities 
pervious areas do not contribute to runoff flow, since infiltration uses up all rainfall. With intensities 
higher than the infiltration rate the depression storage on pervious areas can get filled and they 
contribute to runoff flow. This again increases the wash-off load. At this point the model is very 
sensitive to changes in rainfall. The test catchment studied has a high fraction of pervious areas, so the 
contributing area could change dramatically. At the maximum response, a 20% increase of rainfall 
intensity causes almost an 80% increase in the wash-off load. A further increase of the intensity has 
only a minor effect on runoff volume and wash-off load, since the contributing areas do not change. It 
is noticeable that the maximum absolute changes are observed in the same intensity range, with the 
maximum only slightly displaced. It has to be kept in mind that high intensity events lead to high 
wash-off loads, as seen in Table 1. But those events are less sensitive to changes in rainfall than the 
intermediate intensity events. Since these intermediate intensity events are very frequent, they 
contribute a significant percentage (80-90%) of the annual rainfall and the annual pollutant loads. This 
has important implications for stormwater management and the design of pollutant control measures. 
Annual wash-off loads are then likely to increase in a changed climate, but high intensity events, while 
causing flood risks, do not necessarily contribute significantly to the annual pollutant loads, because of 
pollutant supply limitations.  

Since frequent rain events with short return periods turn out to be very sensitive to changes in rainfall 
input it appears crucial to study the influence of anteceded dry days and build-up processes. Long-term 
simulations should be performed in order to get a better insight into the climate change effects on 
annual pollutant loads. Another important issue is the contribution of pervious areas. For certain 
rainfall intensities the SWMM model shows high sensitivities to changes in rainfall, due to the 
contribution of pervious areas. Deletic (2005) reported that grassed surfaces can trap particles 
depending on their diameter. Detachment processes are not considered in the SWMM model, which 
might influence the simulation results. In further studies, it should be examined how models can 
consider those processes, in order to increase the reliability of simulation results. 
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4 CONCLUSIONS  
Within the limitations of the simulation experiments conducted, the following tentative conclusions 
may be drawn:   

� A changing climate characterized by higher intensity storms influences the simulated 
stormwater quality. 

� Rainfall depth and intensity were identified as explanatory variables for the wash-off loads. 
� Intermediate-to-long duration maximum intensities of rain events are more appropriate for 

explaining stormwater quality changes in the catchment studied than the short duration 
intensities.  

� Rain events with a high intensity and volume show decreasing EMCs for the climate change 
scenario studied, and this was explained by a pollutant supply limitation.   

� Stormwater quality for frequent low-to-medium intensity storms with return periods less than 
one year was more sensitive to climate changes than that for high intensity storms with longer 
return intervals. This has significant implications for stormwater management, since the 
frequent storms carry a high percentage of the annual runoff and wash-off load. 

� In catchments with low imperviousness, pervious areas are likely to have a significant 
influence on the runoff and pollution generation processes and should, therefore, be examined 
more closely.  
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Abstract 
Potential implications of climate change for stormwater management were addressed by undertaking 
continuous simulations of runoff and TSS loads for three Swedish urban catchments of varying 
imperviousness, which were exposed to five types of rainfall regimes (from April to October): the current 
(reference) conditions, and four future climate change scenarios, three of which were obtained from a 
regional climate model and the fourth one, the Plus20 scenario, was recommended by a national water 
agency. All these scenarios implied higher precipitation. The simulated TSS loads greatly varied and no 
statistically significant differences among the five rainfall regimes were found. However, tendencies in 
the simulated results offered some useful insight into the effects of climate change on urban runoff and 
TSS pollution generation. The relative magnitude of changes in simulated runoff volumes decreased with 
increasing imperviousness; in more pervious catchments, there were relatively larger increases in the 
runoff contributing area when the pervious parts were exposed to more intense rainfalls. The increased 
runoff volumes then contributed increased TSS loads as well. Influences of mass limited and transport 
limited conditions on TSS generation were noted; the former case occurred more frequently for slow 
build-up and high wash-off of pollutants on the catchment, the latter case was more common for fast 
build-up and low wash-off. In cold climate, there may be large accumulations of solids on streets, 
originating from winter road maintenance. It is feasible to account for these accumulations by setting up 
the initial simulation conditions accordingly. The nature of changes in future rainfall regimes also 
affected the simulation results. In southern Sweden (Kalmar), increases in rainfall and runoff, during a 
snow-free period, would be relatively small (3 and 10%, respectively), even during the 2071-2100 period. 
In northern Sweden (Skellefteå), both increases would be about identical (17%). Even larger increases 
were obtained for the Plus20 scenario. In general, the study suggests that long design life stormwater 
management facilities may require flexible design allowing for future adjustments of design capacities.  

Keywords: Urban stormwater quality, TSS loads, climate change, computer simulations, catchment 
imperviousness 



1 Introduction 
A growing body of physical evidence and simulation results produced by global circulation models 
indicates climatic changes resulting from anthropogenic activities (IPCC, 2007). Such changes manifest 
themselves differently in various regions of the world, with ‘very likely’ increases of average 
temperatures and precipitation in the Northern Hemisphere over the 21st century (Nakicenovic and Svart 
2000)), and significant impacts on water resources and their management. Examples of climate change 
variations in time and space were provided for Sweden e.g. in Moghadas et al. (2011) who noted that 
even though the projected temperature increases in northern and southern Sweden were comparable 
(+2.5 - +5.0 C, projected to 2050 and 2100, respectively), annual precipitation in the north would 
increase twice as much as in the south, in both, 2050 and 2100. Such changes will impact on the 
hydrological regime of the affected areas and will require the assessment of vulnerabilities of water 
resources and the associated infrastructures, and the development of adaptation measures.  

Infrastructure vulnerabilities are particularly of interest in urban areas, which are characterized by high 
concentrations of inhabitants and economic activities (Willems et al. 2012). Focusing on urban drainage 
and stormwater management (SWM), the assessment of potential impacts of climate change should 
address all the objectives of SWM, including: flood control, preservation of on-site water balance, 
preservation of groundwater and baseflow regimes, protection of water quality, prevention of 
geomorphic changes in watercourses, maintenance of diversity of aquatic life, and protection of 
beneficial uses (MOE, 2003). A quick overview of literature on stormwater management in a changing 
climate indicates that most of the research has so far focused on managing flood risks in urban areas 
(Berggren et al. 2011, Willems et al. 2012). Indeed, higher depths of precipitation and rainfall intensities 
will produce higher volumes and rates of runoff, which if not controlled, would increase flood risks in 
urban areas as well as downstream of such areas (Marsalek et al. 2008). The emphasis on stormwater 
quantity issues reflects the concerns of municipal engineers about the decreasing levels of service of 
urban drainage systems, which have long design-life expectancy (e.g., 75-100 years for concrete sewers), 
but will be exposed to higher-than-design hydraulic loadings in the later part of their service life. To cope 
with such challenges, various adaptation measures have been proposed, including restricting stormwater 
inflow into separate (Waters et al. 2003) or combined (Semadeni-Davies et al. 2008) sewer systems by 
stormwater best management practices (BMPs), or by opportunistically increasing sewer system 
capacity. Implementation of BMPs may yield additional SWM benefits as well, including improved local 
water balance, protection of groundwater and maintenance of baseflows (Elliott and Trowsdale 2007).  

The most recent monograph on impacts of climate change on urban drainage systems (Willems et al. 
2012) confirms that the research emphasis so far has focused on the capacity of sewer systems, with 
limited attention paid to the management of urban stormwater quality. Yet during the past 50 years, 
increasing attention has been paid to the quality of urban stormwater, which was found to be impaired 
by a large number of conventional as well as priority pollutants (Bertrand-Krajewski et al., 2008; 
Bjorklund et al., 2012; US EPA, 1983; Zgheib et al., 2012), and causing environmental impacts on 
receiving waters (Marsalek et al. 2008). Among the conventional pollutants, the main constituents 
causing impacts on receiving waters include total suspended solids (TSS), heavy metals, nutrients and 
faecal indicator bacteria (US EPA 1983); the priority pollutants include polycyclic aromatic hydrocarbons 



(PAHs), pesticides, nonylphenols, plasticizers, and other chemical substances. To mitigate the impacts of 
such contaminants, special BMPs targeting the removal of contaminants have been introduced into 
urban areas and their drainage systems during the last 30 years. These BMPs include stormwater ponds, 
constructed wetlands, infiltration facilities, porous pavements, water quality inlets, grassed swales and 
sand filters (Schueler, 1987). Thus, from the environmental protection point of view, it is of interest to 
address the question how well the stormwater quality management infrastructure will perform in a 
changing climate, recognizing that in general (Borris et al. 2013) such performance may be affected by 
changes in the sources and generation of pollutants, their entrainment by stormwater, and changes in 
the efficiency of pollutant removal in hydraulically overloaded BMPs.  

Investigations of future urban stormwater quality need to be based on computer simulations reflecting 
future rainfall and catchment physiographic data. The selection of simulation models for this purpose is 
important and raises the question of robustness of such a procedure. In this connection, Zoppou (2001) 
noted that the current advanced urban runoff models can simulate stormwater quantity with a high level 
of certainty, and even the stormwater quality models simulate fairly well the processes governing 
stormwater quality and can be therefore used as practical tools for examining the changes in urban 
stormwater quality due to climatic changes (Tsihrintzis and Hamid 1998, Vaze and Chiew 2003a).  

Simulations of changes in urban stormwater quality due to rainfall regime changes were conducted, 
among others, by He et al. (2011), Sharma et al. (2011), Mahbub et al. (2011) and Borris et al. (2013), 
who all concluded that increased rainfall intensities did affect the simulated quality of stormwater. Such 
a quality was described by various constituents, with total suspended solids (TSS) being most common. 
The use of TSS as the stormwater quality descriptor is justified, because it is arguably the most important 
stormwater constituent, which is used by a number of environmental agencies in stormwater quality 
control (e.g., MOE, 2003). A common trait of these studies was the examination of the effects of climatic 
changes on pollutant transport only by discrete rain events. Using different models, He et al. (2011) and 
Mahbub et al. (2011) observed that increased runoff contributed to increased washoff of catchments, 
and therefore increased concentrations and loads of washed off constituents in stormwater. Sharma et 
al. (2011) study focused on the effects of increased rainfall intensity on build-up and washoff processes 
under an assumption that the wash-off of pollutants is proportional to the rainfall intensity, thus 
neglecting the cases where wash-off is limited by pollutant supply limitations. Borris et al. (2013) allowed 
for supply limitations in their simulations and noted another cause of changes in stormwater quality – 
resulting from changes in the runoff contributing area. Increased rainfall depths and intensities allowed 
runoff contributions from some pervious areas, which under the old rainfall regime produced either no 
or less runoff. Thus, rain events of intermediate intensity are particularly sensitive to climate changes, 
and may produce significantly higher pollutants loads in a changed climate. Since those rain events 
contribute a high percentage of the annual rainfall (Roesner et al. 2001), it is also likely that annual 
pollutant loads will change significantly. Finally prior studies showed that catchment characteristics, like 
the impervious fraction, have an important influence on the accumulation and consequent wash-off of 
pollutants (Hatt et al. 2004). In order to be able to draw more general conclusions, it is therefore 
necessary to study several catchments with various physiographic conditions. Finally, a common 



limitation of the above studies arises from the nature of discrete event simulations, in which the initial 
catchment conditions may be misrepresented.  

The overall aim of this study is to examine, by means of continuous simulations, the climate change 
scenario effects on the urban stormwater quality at two locations in Sweden, assuming the current 
(existing) pollutant sources and environmental practices. The study focused on TSS loads in stormwater 
runoff simulated for a long climatic series with increased rainfall intensities and temperatures reflecting 
future climate projections. To broaden the scope of the study, such simulations were conducted for 
three urban catchments with various degrees of imperviousness in two climatic regions of Sweden, and 
four climate change scenarios.  

2 Methodology 
The general approach taken consisted in conducting continuous simulations of stormwater runoff and 
TSS loads in three actual test catchments for two recent rainfall series and the projected future climate 
scenarios, and mine the produced simulation records for information concerning the future quality of 
urban runoff from these catchments in a changing climate. The catchments were selected to represent 
typical urban developments in southern and northern Sweden, with various degrees of imperviousness 
(23-62.6%), and the climate scenarios representing both downscaled results of a regional circulation 
model (FC1, FC2 and FC3), as well as a more conservative recommendation of the Swedish Water Agency 
(referred to as scenario plus20). Since especially northern Sweden has a relatively long winter period, the 
potential influence of increased pollutant availability at the end of the melting period was also 
considered, by additional model runs with increased pollutant accumulations at the beginning of the 
simulation.  

2.1 Catchments studied  
Three test catchments were selected for this study, namely a residential suburb of Kalmar, which is 
located on Baltic coast in the south of Sweden (56� 40’ 02” N / 16� 17’ 51” E), a residential catchment in 
Skellefteå in the north of Sweden (64� 45’ 0” N / 20� 57’ 0”E), and a highly-developed western subarea of 
the Skellefteå catchment, with high imperviousness. Further details follow.  

2.1.1 Kalmar residential catchment (KRC) 
The KRC is a residential suburb of the City of Kalmar (36,400 inhabitants in 2010) situated by the Baltic 
Sea in south-east of Sweden. The catchment area is 140 ha, of which 32.3 ha are directly connected 
impervious surfaces yielding the imperviousness of 23%. The area comprises residential properties, with 
typical lot sizes of 1,000 m2. Surface drainage of the catchment is provided by lawns, impervious areas 
and swales sloping towards sewer inlets. Subsurface drainage is provided by separate concrete storm 
sewers, ranging in size from 0.15 to 1.0 m. In an earlier study conducted by DHI (Strander, H., 
Andréasson, M. 2004) for the municipality of Kalmar, flow meters were installed at multiple points in the 
sewer system and used to measure runoff flows. Furthermore, a rainfall record of 13 years of duration 
(Oct. 1991 - Oct. 2004) was also available for this catchment. Both rainfall and runoff flow measurements 
were available for this study. The annual precipitation in Kalmar is 484 mm, based on the 1960-1991 
climate normal. The main reasons for including the KRC catchment in the current study were the 



geographical catchment location (representing residential developments and climatic conditions in 
southern Sweden), availability of rainfall/runoff data of suitable properties, and availability of the 
catchment and sewer system discretization for rainfall/runoff modelling.  

2.1.2 Skellefteå residential catchment (SRC) 
The SRC was used in an earlier study by Borris et al. (2013) and consequently its description below is 
abbreviated. It is a residential part of the City of Skellefteå (32,800 inhabitants in 2010) comprising 235 
ha, of which 82 ha are directly connected impervious surfaces (i = 35%). The catchment is served by 
separate storm sewers ranging in size from 0.225 to 1.8 m. Similarly as in KRC, in an earlier study 
conducted by DHI (Lindblom and Hernebring 2007) runoff flows were measured at a number of points in 
the sewer system. Furthermore, a rainfall record of almost 14-years of duration (Sep. 1996 – Jul. 2000) 
was available for this catchment. The mean annual precipitation for Skellefteå is 589 mm, based on the 
1960-1991 climate normal. The main reasons for including the SRC catchment in the current study were 
the geographical catchment location (representing residential developments and climatic conditions in 
northern Sweden), availability of rainfall/runoff data of suitable properties, and availability of the 
catchment and sewer system discretization for rainfall/runoff modelling.  

2.1.3 Skellefteå highly impervious catchment (SHIC)  
The SHIC is a 34 ha subarea of the SRC catchment and it is characterized by a relatively high 
imperviousness (62.6%), contributed to by roofs, streets, sidewalks and parking lots. The catchment is 
served by concrete storm sewers ranging in size from 0.5 to 1.8 m. Other conditions are similar to those 
listed for SRC. The reasons for including the SHIC in the current study were similar to those for the SRC 
catchment, plus the high imperviousness of this subarea.  

2.1.4 Catchment discretization 
Simulation of rainfall/runoff processes in urban catchments requires representation of the catchment by 
a number of sub-catchments reflecting surface and subsurface drainage properties (also referred to as 
catchment discretization) and model calibration. Description of such modelling preparatory steps follow. 

For modelling purposes, urban catchments are subdivided into a number of subcatchments representing 
the physical drainage system. There is no exact procedure for catchment discretization and the number 
of elements depends on the modeller’s choice and experience. In general, subcatchments should posses 
“homogenous” properties and reflect the surface drainage and sewer system layout. For the catchments 
studied, the discretization done in the earlier studies by the Danish Hydraulic Institute (DHI) (Persson, O., 
personal communication, October 2011) was adopted in this study. Essentially, in the DHI approach, 
subcatchments were assigned to end manholes and some additional manholes were added as inlet 
points to reflect local drainage patterns. Using this approach, KRC, SRC and SHIC catchments were 
discretised into 47, 51 and 9 subcatchments, respectively, with the average subcatchment areas ranging 
from 3.0 to 4.6 ha. The smaller value corresponded to the Kalmar catchment and reflected the higher 
density of drainage with a higher number of end manholes in this catchment.  



2.2 Historical rainfall records for the study areas and their 
changes projected for future climate change scenarios  

Simulations of runoff from the test catchments were conducted for two types of rainfall data: (a) 
historical rainfall records representing the reference climate, and (b) four climate change scenarios. The 
former data served to create a reference data set representing a sample of the current climate. In 
Kalmar, rainfall was recorded by a tipping bucket rain gauge, with a bucket capacity of 0.2 mm, during 
snow free periods (Apr.-Oct.) over 13 years (Oct. 1991 – Oct. 2004), as reported in Berggren et al. (2011). 
For the same period, daily minimum and maximum temperatures were also available. In Skellefteå, 
rainfall was recorded by the same type of a rain gauge during snow free periods (Apr.-Oct.) over almost 
14 years (Sep. 1996 – Jul. 2010), and daily minimum and maximum temperatures were also available.  

To describe the changing climate, four future climate projections were used to re-scale historical rainfall 
and temperature data for further use as inputs to simulations. Those future projections included an 
emission scenario defined in the IPCC report as A1B (Nakicenovic and Svart 2000). This scenario is a 
medium emissions scenario, based on a more integrated world with fast economic and technical 
development and stabilizing world population. The scenario projects an intermediate increase in global 
temperatures. To generate future projections, the global circulation model ECHAM was used (Roeckner 
1996), and the downscaling for the three test catchments studied was performed by the regional climate 
model RCA 3 (Kjellström 2005). The future projections reached until the year 2100. The projections were 
divided into 3 different time periods: near-future climate (2011 – 2040) further referred to as FC1, 
intermediate-future climate FC2 (2041 – 2070) and far-future climate FC3 (2071 – 2100). All the three 
scenarios, FC1-FC3, were used to examine the sensitivity of stormwater quality simulations to various 
climatic changes. Using the procedure described in Olsson (2009), rainfall records were rescaled with a 
delta change method for different time periods. In this method, various magnitudes of rainfall intensity 
are rescaled differently and this allows for reflecting more complex climate changes, with increasing 
maximum rainfall intensities while the total rainfall depth may decrease. Temperatures were rescaled in 
a similar way, with different increases assigned to different temperature levels, but constant increases 
for temperatures above 0� C.  

Recommendations of the Swedish Water Association were used in addition to the delta change method 
aim to reflect climatic changes which are pertinent for design of urban drainage systems and likely to 
occur by the end of the century. They include a climate change factor, namely an increase of 
precipitation by 20% (hence the scenario is referred to as Plus20), which applies to whole Sweden. More 
information can be found in Hernebring and Svensson (2011). The scenario was implemented for both 
rainfall records by increasing the recorded rainfall intensities by 20%. 



2.3 SWMM Model: description, calibration and parameter 
assessment, and analysis of runs 

2.3.1 SWMM description 
All rainfall/runoff simulations for the catchments studied were done with the Storm Water Management 
Model (SWMM) which was introduced by the US Environmental Protection Agency in 1971 and 
continually updated ever since (Rossman 2009). Although the model simulates all aspects of the urban 
hydrologic cycle and the related water quality, including surface and subsurface runoff, drainage network 
transport, storage and treatment, only its surface runoff processes module was pertinent to, and used in, 
this study. Detailed descriptions of the SWMM model can be found elsewhere (Rossman 2009), but 
briefly stated, the SWMM model, operated in a single event or continuous mode, computes rainfall 
excess by subtracting surface depression depth and infiltration rates from the actual rainfall depth and 
simulates overland flow using a non-linear reservoir. Runoff hydrographs are computed for individual 
subcatchments and routed through the sewer network using a modified kinematic wave approach. 
Runoff quality processes include linear or non-linear buildup of dust and dirt (solids) or other 
constituents during dry weather, and such accumulations can be reduced by decay or street sweeping. In 
wet weather, pollutants are fully or partly washed-off during rain events (Huber and Dickinson 1988). 

2.3.2 SWMM hydrological calibration and runoff quality parameter value 
choices 

The selection of model process parameters is generally guided by default values from the model manual 
(Huber and Dickinson 1988), local measurements of parameter values (when feasible), and model 
calibration, in which the parameter values are adjusted to reach acceptable agreement between the 
measured and simulated runoff hydrographs. In this study, a combination of the first and the last 
methods was used, as described in Borris et al. (2013), with the overall objective of matching the 
measured and simulated event runoff volumes within ±10% and the peak discharges within ±20%. As 
used in this study, the following SWMM model parameters may be considered in hydrological 
calibration: the width of overland flow, impervious fraction, surface roughness (described by Manning n, 
for impervious and pervious surfaces, respectively), depression storage depth (for impervious and 
pervious surfaces, respectively), and Horton infiltration parameters.  

Individual subcatchments were approximated by rectangles, of which longitudinal axis represented the 
sewer drain collecting lateral overland flow. Thus, the total width of overland flow W, which is a SWMM 
input parameter, is twice the longitudinal dimension of the rectangle and the length of overland flow is 
the subcatchment area divided by 2W. This procedure implies that the parameter W could be considered 
as a calibration parameter, but in this study it was taken as a measured descriptor of the catchment 
properties. Subcatchment runoff entered the sewer system through sewer inlets which were the closest 
ones to the subcatchment area centroid. 

Runoff volumes and peaks were calibrated in two steps: for small storms producing runoff from 
impervious surfaces only, and for larger storms likely to contribute runoff from pervious areas. The 
former storms were used to produce calibrated parameters for impervious surfaces (roughness and 



depression storage), the latter storms served to produce the calibrated parameters for pervious areas 
(roughness, depression storage and infiltration parameters). In verification runs, the goodness of fit was 
assessed by linear regression in the form ys = s ym (ys = simulated value; ym = measured value, s = line 
slope), as done e.g. by Tsihrintzis and Hamid (1998). The regression function as well as the correlation 
coefficient were evaluated; the slope s of the regression function should be close to 1 (perfect fit) and 
the R2-value which determines the goodness of fit should be as high as possible.  

Specifically, calibration data in Kalmar comprised two months of runoff flow measurements at three 
nodes of the Kalmar sewer system, as well as the corresponding rainfall. This period contained 17 events 
with a total rainfall depth of 182 mm, and was divided into two parts: The first part containing 9 rain 
events (about 56% of the total rainfall) was used for calibration, the second part with 8 events (44% of 
the total rainfall) was used for verifications.  

In Skellefteå, calibration data comprised 6 weeks of rainfall and runoff flow measurements at five nodes 
of the sewer system. This period contained 14 rain events with a total volume of 210 mm and was also 
divided into two parts: the calibration part included 8 events (58% of the total rainfall) and the 
verification part contained 6 events (42% of the total rainfall). Further information about the 
rainfall/runoff measurements can be found elsewhere (Linblom and Hernebring 2007).  

Since the calibration events were sensitive only to the depression storage depth, this parameter was 
adjusted during calibration. For the remaining parameters, default values from the SWMM manual were 
adopted (Huber and Dickinson 1988). The SHIC catchment is a part of the Skellefteå catchment, and, 
therefore, no additional model calibration was needed. Finally, catchment characteristics, SWMM 
hydrological parameters (default values) and the calibrated parameters (impervious fraction and surface 
depression storage depths) are shown in Table 1.  

Table 1 Physiographic and hydrological characteristics of the catchments studied 

 KRC SRC SHIC 

Contributing area (ha) 140 235 34 
Impervious fraction (ha) 32.3 (23%)a 82 (35%)a 21.3 (62.6%)b 

Subcatchments 47 51 9 
Surface roughness    

Impervious n 0.018 0.14 0.14 
Pervious n 0.10 0.08 0.08 

Horton infiltration    
Maximum infiltration 25 mm/h 

5 mm/h 
5 h-1 

Minimum infiltration 
Decay coefficient 

Depression storage    
Pervious 2.5 – 5.5 mm 

1 – 2.5 mm Impervious 
a The value shown was adjusted by calibration (see Section 3.1) 
b The value determined from the catchment map. 



Besides hydrological calibration, the operation of the SWMM model also required estimation of 
parameters controlling runoff water quality processes. The procedure applied followed that of Borris et 
al. (2013) and was largely based on the earlier research on pollutant build-up and wash-off (Vaze and 
Chiew 2002; Vaze and Chiew 2003b, Egodawatta et al. 2007, Li and Yue 2011, Brodie and Egodawatta 
2011). The parameters requiring estimation pertain to the equations of build-up and wash-off, which are 
expressed in the SWMM model as follows:  

Build-up:      (1) 

where B = build-up of solids (TSS), b1 = maximum build-up possible, b2 = build-up rate constant, and t = 
elapsed time; and, 

Wash-off:      (2) 

Where W = wash-off load of solids (TSS), w1 = wash-off coefficient, q = runoff flow rate, w2 = wash-off 
exponent, and B = build-up of solids defined by eq. (1).  

Recognizing the difficulties with estimating the parameters in eqs.(1) and (2), and that these parameters 
can not be calibrated for future conditions, ranges of build-up and wash-off parameters were selected. In 
the case of build-up, both fast and slow build-up rates were tested. For fast rates, 80% of the maximum 
build-up was reached in less than 2 days, but for the slow rate, the same build-up took 5.5 days to reach. 
In common runs, the maximum build-up mass was held constant and set to 35 kg of TSS/ha. For single 
event simulations, there was no need to test different maximum build-up masses, since wash-off 
patterns were independent of the maximum build-up and the fractions removed by a single rain event 
remained the same and the results could be directly scaled up. However, the situation is different when 
dealing with continuous simulations, in which it is required to choose the initial condition for such 
simulations. This condition is particularly important in northern climate conditions, where winter road 
maintenance results in great depositions of solids (applied as grit to improve traction, but further 
processed and pulverized by traffic) during the winter months. In spring, the fate of these deposits 
depends on a joint probability of their removal by rain and snowmelt (i.e., by a large event), or by street 
sweeping. While municipalities are generally aware of this issue and strive to sweep the catchments 
before a large rainfall comes, in some years, these efforts are not successful and the street solids are 
washed into the sewers and eventually into receiving waters. Further discussion of this issue appears in 
the results section.  

Various wash-off rates can be obtained by varying the wash-off coefficient (w1) in eq.(2). The literature 
indicates that the wash-off exponent w2 varies only slightly (Egodawata et al., 2007) and therefore it was 
set equal to 1.15. Furthermore, the wash-off rates were adjusted to yield standard EMC values of TSS 
corresponding to Swedish urban conditions, which were estimated by Larm (1997) as 100 mg TSS/L. This 
adjustment was achieved by using a wash-off coefficient of 0.04. Taking this value as the best estimate, 
two more wash-off coefficients were defined and represented a low practical value and a high practical 
value, respectively. The low practical value (w1 = 0.013) was chosen to yield about 3 times lower TSS 
EMCs, and the high practical value (w1 = 0.12) yielded about 3 times higher TSS EMCs, compared to the 
TSS EMC standard value. Thus, these values allowed TSS EMC variation within an order of magnitude.  



For testing the sensitivity of stormwater TSS simulations to build-up and wash-off parameters, six pairs of 
different parameter values were developed and applied in simulations, as summarized in Table 2, and 
will be referred to in the following sections. 

Table 2 Stormwater quality simulation build-up and wash-off parameter pairs 

Notation Parameter values 
 Build-up Wash-off 
 Rate of build-up b2 Rate of wash-off w1 

BSWL Slow 0.3 Low 0.013 
BSWI Slow 0.3 Intermediate 0.04 
BSWH Slow 0.3 High 0.12 
BFWL Fast 0.9 Low 0.013 
BFWI Fast 0.9 Intermediate 0.04 
BFWH Fast 0.9 High 0.12 

 

2.3.3 Model runs and their analysis 
Continuous model runs were performed for the three test catchments for the current and the four future 
climate scenarios. Since the focus was on the snow-free season of the year (with most precipitation in 
the form of rain), simulation runs spanned from April to October of each record year. This led to 12 
simulation periods for the Kalmar climate sample and 13 periods for the Skellefteå climate sample. On 
average the simulated period contained 68% of the annual precipitation (both rain and snow) for Kalmar 
and 59% for Skellefteå, respectively. Both climate samples and the corresponding climate scenarios were 
simulated for all the three test catchments, thus allowing to examine results in both climatic regions 
(southern and northern Sweden) for three values of catchment imperiousness. When simulating runoff 
from catchments with climate scenarios from the other location, such catchments should be viewed as 
hypothetical test catchments. Notation for simulation runs is shown in Table 3. For each model run, the 
rainfall depths, runoff volumes and TSS wash-off loads were recorded. 

Table 3 Model runs and the notation used 

Catchment Climate Sample  Notation 
KRC Kalmar KRC(K) 
KRC Skellefteå KRC(S) 
SRC Skellefteå SRC(S) 
SRC Kalmar SRC(K) 
SHIC  Skellefteå SHIC(S) 
SHIC Kalmar SHIC(K) 

 

TSS wash-off loads simulated for various climate scenarios were analysis for variance, in order to 
determine the statistical significance of differences in simulation results for five different climate inputs. 
This analysis was done for all the three test catchments as well as for all the six parameter pairs listed in 
Table 2, and the results were graphically displayed in the form of box plots. Finally, when comparing 



different recorded or simulated parameters (rainfall, runoff and TSS wash-off loads) for different 
scenarios, deviations of the average parameter values (i.e. for the whole simulated periods) from the 
reference values (for the current climate) were also expressed in percent of the reference values and 
displayed graphically.  

Finally, additional model runs were performed to demonstrate the influence of increased availability of 
sediments on road surfaces at the start of simulation periods (April 1; typically representing the end of 
the melting period). Therefore the initial pollutant build-up was increased from 35 to 200 kg/ha, using 
the data from Viklander (1998). In that study, the mass of sediment per curb metre, at the end of the 
winter season, was estimated as 0.8 kg. So the total mass on the catchment (curb length * sediment 
mass per curb metre) was about 200 kg/ha, assuming no street sweeping. This build-up was then taken 
as the initial condition in continuous simulations of TTS wash-off. 

3 Results and discussion  
The materials presented and discussed in this section start with model calibration and verification, 
followed by analysis of variance in simulation results, and relative changes in precipitation, runoff and 
TSS loads for an average snow-free period.  

3.1 Model calibration and verification 
As the first step of calibration, catchments directly-connected imperviousness values were adjusted, 
where feasible. In the case of KRC, the adjusted value was 23%, and for SRC, a value of 35% was adopted 
from an earlier study (Borris et al. 2013). Finally, for SHIC, such an adjustment was not possible (this 
“nested” subcatchment of SRC is located at the downstream end of SRC) and the value determined from 
maps (62.6%) was adopted. The depression storage depths for impervious surfaces were set to 1 mm for 
all the catchments. The pervious depression storage depth was set to 5.5 mm for Kalmar and 5 mm for 
Skellefteå, respectively. An example of verification runs and the goodness of fit achieved for one node in 
Kalmar, located close to the catchment outfall, is shown in Fig. Figure 1. Similar results were reported for 
SRC by Borris et al. (2013).  

Figure 1 Evaluation of the verification runs for Kalmar: Runoff volumes and peaks at node 1 (close to the outlet) 

 



In general it can be noted that the results for the verification run are within the limits defined in section 
2.3.2. For both KRC and SRC peak flows were slightly overestimated (R2 = 0.97 for Kalmar, R2= 0.95 for 
Skellefteå (Borris et al, 2013)). The volumes were reproduced well in Skellefteå, but at the node in 
Kalmar a slight overestimation was noticed, as result of one larger event skewing the fitted line. All the 
other nodes in the test catchments showed comparable results. For SHIC catchment, the model 
parameters derived for SHC were adopted. 

3.2 Analysis of variance and box plots  
Using the calibrated SWMM model, simulations of TSS loads were produced and plotted in Fig. Figure 2, 
where TSS loads for TC (toady’s climate) and the four earlier defined future climate scenarios are 
exemplified by boxplots for slow buildup and intermediate washoff (BSWI). The dot points above the 
whiskers represent outliers. Similar plots were obtained for the remaining five pairs of build-up and 
wash-off parameters, but are not shown here for brevity.  

 

Figure 2 Simulated TSS loads: Box and Whisker plots 

Examination of data in Fig. 2 indicates fair variation in TSS loads and some presence of outliers (dot 
symbols). Based on the analysis of variance no significant difference could be found between the current 
and future climate scenarios at a 95% confidence interval, even when comparing the results for TC with 



those for Plus20. This was the case for all catchments and all parameter pairs. Consequently, it can be 
concluded that for both Kalmar and Skellefteå climate samples the results for the five climate scenarios 
do not differ statistically significantly from each other. In other words the results for individual scenarios 
could belong to the same population with the same mean value. A reason for that is the huge variance 
within the rainfall inputs and consequently the wash-off loads for different simulation periods. However, 
it should be noted that the median and mean values for the TSS loads increased for the future scenarios 
compared to today’s scenario for Kalmar and the two Skellefteå catchments. Descriptive statistics of 
precipitation data for both climate samples and the corresponding three future scenarios, restricted to 
the runoff simulation period, are summarized in Table 4; Plus20 scenario values (except for standard 
deviation) would be obtained by multiplying the TC data by 1.2 and are not included in the table. 

Table 4 Statistics for rainfall depths of the KRC and SRC climate samples and future scenarios for snow-free 
periods (April-October)  

 TC FC1 FC2 FC3 TC FC1 FC2 FC3 
 Kalmar Climate samplea Skellefteå Climate sampleb 

Average [mm] 329.1 334.2 335.8 338.8 347.8 358.6 374.3 408.8 
Standard deviation [mm] 61.4 68.3 70.0 74.7 114.1 119.1 118.9 130.3 

Max [mm] 480.6 507 516.8 526.3 672.4 693.2 711.3 764.9 
Min [mm] 239.4 235.5 236 228.9 205.2 209.5 222.5 238.6 

a N = 12 (= length of the record in years) 
 b N = 13 (= length of the record in years) 
Several observations of interest can be made concerning the data in Table 4: (a) precipitation during the 
snow free period (mostly rainfall) greatly varies, particularly in the case of Skellefteå, where the 
maximum values almost double the record average, (b) the minimum precipitation somewhat decreases 
in Kalmar, but slightly increases in Skellefteå, compared to the current climate, and (c) standard 
deviations increase for future scenarios. Thus, climate change scenarios produce different tendencies for 
both locations (Skellefteå is about 900 km north of Kalmar), indicating more precipitation (rainfall) in 
Skellefteå, but practically no change in Kalmar, and much higher variations from year to year in Skellefteå 
than in Kalmar. Note that the preceding discussion is based on relatively short records (13 years in 
Skellefteå, 12 in Kalmar), which are about one half of those generally recommended by the World 
Meteorological Organization (WMO) for climate normals. However these results provide indication of the 
influence of inter-annual variability. 

3.3 Relative (percent) changes in TSS loads, precipitation and 
runoff for average wetness snow free period 

It was of interest to examine relative changes in basic simulation inputs (precipitation) and outputs 
(runoff and TSS loads for three rates of wash-off) for various climate scenarios (FC1-3, Plus20) and 
compare them to those for today’s climate (TC). Such results were produced for the three catchments 
studied (KRC, SRC, SHIC) and two TCs, as shown in Fig. 3 for slow build-up. The same simulations were 
produced for fast build-up as well, but the results were practically identical to those in Fig. 3 and 
consequently are not shown here. Note that whenever one the catchments is used with climatic inputs 
from the other location, it effectively represents a hypothetical catchment transposed to that climatic 



location. The main reason for such numerical experiments was to examine whether varying catchment 
imperviousness would produce some new insight into the catchment response with respect to TSS 
simulations.  

 

• BSWL ; • BSWI; • BSWH; • Precipitation; • Runoff  

Figure 3 Relative (percent) changes in TSS loads, precipitation and runoff for slow build-up rates and three rates 
of wash-off 

A number of observations concerning the tendencies in data in Fig. 3 can be made. In general, climate 
change scenarios produced higher average precipitations, by 2 to 20% and higher runoff, by 4 to 29%. 
The non-linear response in runoff generation is given by increasing runoff contributing area, with some 
pervious parts starting to generate runoff when exposed to higher rainfall depths and intensities. 
Consequently, the largest relative increase in runoff was noted for the catchment with the lowest 



imperviousness (KRC). This further suggests that calibration of pervious elements of tests catchments is 
important for studies of climate change impacts on runoff generation.  

A visual comparison of graphs in Fig. 3 indicates that the two climate samples, Kalmar and Skellefteå, 
produced different simulation results. For the Kalmar sample (southern Sweden), minimal changes (< 5%) 
among FC1, FC2 and FC3 runoff volumes can be noted, and the Plus20 scenario produced distinctly 
higher values for precipitation, runoff, and TSS loads. It can be therefore stated that the runoff results for 
FC1-Fc3 are within the uncertainty of the hydrological calibration (selected for runoff volumes as ±10%). 
The northern climate (Skellefteå) produced different response. The values of TSS loads, precipitation and 
runoff were increasing from F1 to F3, and the plus20 scenario represented another step in this series, 
with a marginal increase in runoff and TSS loads compared to FC3. In this case only the scenarios F1 and 
F2 produced results within the uncertainty of hydrological calibration; FC3 and Plus20 scenarios showed 
larger changes.  

Comparison of the two climate samples, Kalmar and Skellefteå, shows that the precipitation increases for 
the future scenarios FC1, FC2 and FC3 differ significantly. For the Kalmar climate sample a precipitation 
depth increase of 3% is projected for FC3, whereas the comparable value for Skellefteå is 17.5%, and 
such results of the downscaled scenarios are below the recommendation of the Swedish Water Agency 
(20%). Furthermore, this comparison may be influenced by the fact that the simulated period was limited 
to the period from April to October; the changes for the full year may be higher, because climate 
scenarios project increased precipitation during winter months. Moghadas et al. (2011) studied the 
seasonal and regional variations in future climates for Sweden and noted that, compared to southern 
Sweden, higher changes in total precipitation were expected in northern Sweden in the future. His work 
further corroborates the findings made here that the projected changes for the Kalmar climate sample 
would be relatively low, though annual changes may be higher. In case of the Skellefteå climate sample 
and the FC3 scenario the model results are also lower compared to the Plus20 recommendation, but the 
difference is relatively small.  

Furthermore significant differences between the results for the different wash-off rates can be observed. 
Percentage changes are generally lower for high wash-off rates, which induce relatively frequent and 
more thorough scour and cleaning of the catchment surface. For parameter pairs BSWH and BFWH (high 
wash-off rates), practically no changes in wash-off loads are produced by computer simulations. 
Comparing different build-up rates, slightly higher percentage changes are observed for fast-build-up, 
which can be explained by the influence of supply limited conditions. For high wash-off rates, the 
available TSS mass on the surface is exhausted quickly. A further increase in runoff, therefore leads to 
“supply limited conditions” and relatively low changes in TSS loads. In addition the available TSS mass is 
lower for successive rain events if TSS build-up is not fast enough to reach the maximum amount during 
the dry whether period. Contrarily, there is an increased probability of encountering transport limited 
conditions for low wash-off rates and fast build up. The percentage changes for BSWL and BFWL 
parameter pairs followed the trend of changes in runoff, whereas the results for parameter pairs 
containing higher wash-off rates (BSWH and BFWH) showed always smaller changes than those for runoff, 
meaning that supply limited conditions took place.  



Examining the results for the three catchments studied, it can be noted that the highest changes occur 
for the least impervious catchment KRC and the lowest for the most impervious catchment SHIC, 
regardless of the climate sample applied. This can be explained by changes in the runoff contributing 
area (Borris et al. 2013). At the critical point of water balance, when pervious depression storage is filled, 
because the rain intensity exceeds infiltration rates, those pervious surfaces may start to produce runoff 
and effectively contribute to a larger runoff contributing area. Probability of this condition occurring is 
higher in the more pervious catchment (Kalmar). Whereas percentage changes in TSS loads were higher 
for areas with low imperviousness, the absolute TSS loads were significantly higher in more impervious 
catchments (SRC and SHIC). Loads per hectare from SHIC were 2 to 2.5 times higher than those produced 
from KRC. Impervious surfaces are known to influence not only stormwater quantity (Jacobson 2011), 
but also stormwater quality. Several studies found a direct connection between the imperviousness of a 
catchment and the pollutant loads exported (Hatt et al. 2004).  

When comparing changes in precipitation with those in runoff simulated for climate change scenarios, it 
can be noted that there are differences for the two climate samples studied. Whereas for the Skellefteå 
climate sample the percentage changes in runoff follow the changes in precipitation with minor 
differences, a different response can be observed for the Kalmar climate sample. The change in runoff 
exceeds that in precipitation, reaching a maximum difference of about 9% for Kalmar (K) and FC3. This is 
caused by contributions of pervious areas as well as the characteristics of rain events, which are 
discussed further below. At a critical point in water balance when pervious areas start to contribute to 
runoff, perturbations in rainfall input can lead to high percentage changes in runoff volume. Borris et al. 
(2013) noted that rain events with low- to intermediate rainfall depths and intensities are especially 
sensitive to changes, with the depth being the more influential parameter. For such rain events, it is 
likely that some parts of the catchment are at a critical point of water balance, as it was discussed 
before. On the other hand, for more intense storms all pervious areas may already contribute runoff and 
consequently the percentage changes in the runoff produced are relatively small. Therefore, the reason 
for different behaviour of the two climate samples can be elucidated by examining the distribution of 
rain events, with respect to their rain depth, as shown in Fig. 4. In Figure 4, percent contributions of rain 
events, belonging to different rain depth intervals, to total precipitation (for all the modelled periods) are 
shown, for TC and FC3. Compared to TC, FC3 produced the greatest differences. The distribution for the 
Plus20 scenario is not included, because its percentual distribution would be the same as in TC.  

 



 

Figure 4 Distribution of total precipitation according to different rain depth intervals 

Both climate samples have different distributions of rain events with certain rainfall depths. In the 
Kalmar TC climate sample, small rain events with depths between 2 and 5 mm, represent much higher 
percentage of the total precipitation (24.6%) than in Skellefteå (14.4%) for TC, and a similar tendency 
was noted for FC3 (20.4 and 12.4%, respectively). For large events, this comparison reverses. Thus, in 
Kalmar, a higher percentage of total precipitation is contributed by smaller events, than in Skellefteå. 
This different distribution of rain events then leads to the observed response for the runoff volumes, and 
since stormwater quantity is the main driver for stormwater quality, it has an important effect on 
changes in TSS loads as well. In the Kalmar climate, relatively small changes in total precipitation can lead 
to significant changes in TSS loads; for example, a 3% increase in precipitation caused a 13% increase in 
TSS load for the BFWL parameter pair and FC3.  

Another difference which was observed from the comparison of future scenarios for both climate 
samples concerned the number of rain events between 2 and 5 mm. Whereas the number of those 
events increased in the Skellefteå climate sample (FC3), it decreased in the Kalmar climate sample. But in 
terms of their relative contribution to total depth, their shares decreased for both climate samples. Thus, 
according to the projections used here for southern Sweden (FC3), small rain events can become smaller 
and larger rain events are likely to become more intense, particularly in summer. This trend can also be 
observed in Table 4; periods with relatively low precipitation become even smaller in future scenarios, as 
seen for the minimum values in the table. Consequently, percentage changes in TSS loads can be 
negative as noted for SHIC (K). For Skellefteå those changes are distributed more evenly. Another 
interesting finding can be made by comparing FC3 with Plus20 for the Skellefteå climate. Whereas the 
projected change in precipitation is almost the same (+17.5% for FC3; +20% for Plus20), the resulting 
changes in runoff volume and consequently the change in wash-off loads show significant differences. 
This is most obvious for the KRC simulated for the Skellefteå climate (S). For FC3 the resulting change in 



runoff is about +20% and for Plus20 about +30%. This is again proves the great importance of the 
distribution of the individual events with respect to their characteristics (i.e. depth and intensity). While 
this distribution changes for FC3, compared to TC, it remains the same in the Plus20 scenario, in which a 
constant factor of 1.2 is applied to the TC precipitation.  

The earlier described differences between various climatic inputs and catchment characteristics should 
be kept in mind when designing stormwater treatment facilities. Where stormwater management design 
criteria are based on prescribed removals of TSS, as done e.g. in The Ontario stormwater management 
planning and design manual requiring reduction of average annual TSS loads by 60-80% (MOE 2003). If 
TSS loads increase in the future due to climatic changes, the existing facilities may no longer meet those 
criteria. Furthermore it is likely that the facilities will be affected by changed hydrological conditions in 
the future, e.g. higher runoff rates, and this will further contribute to deterioration of their performance. 
So, design of new stormwater treatment measures may require consideration of the impacts of climatic 
changes, either by increasing the design capacity, or building flexibility into the design for further 
upgrading in the future. It should be also recognized that even though the overdesign is generally more 
expensive, it also provides larger environmental benefits arising from better treatment of stormwater, 
reduced costs of flood damages, and generally a more robust design for coping with future needs of 
stormwater management.  

Where (Swedish) municipalities do not have access to the downscaled climate change scenarios, they 
may follow the recommendation of the Swedish Water Agency (i.e., the Plus20 scenario). This scenario 
mimicked fairly well the climate conditions in northern Sweden, but overestimated the changes in 
southern Sweden (Kalmar). Recognizing large uncertainties in climate projections, and the above 
reasoned advantages of overdesign, the Plus20 scenario is not unreasonable. Where local managers are 
concerned about the additional costs of designing for Plus20, they may considerer acquiring a 
downscaled GCM scenario, or allow for the implementation of additional stormwater management 
adaptation measures in the catchment in the future (Waters et a. 2003).  

With respect to TSS in urban catchments, there is another important issue concerning the initial build-up 
of solids on the catchment surface at the end of the winter period. Such a build-up represents an initial 
condition for the continuous runoff simulations (as performed in this study) and it is particularly 
important for cold climate regions (including northern Sweden), where large quantities of anti-skid 
materials (sand and grit) are applied during winter road maintenance. This material is further pulverized 
by vehicle tires and its particle size distribution and chemical composition may change during the winter 
period. To demonstrate this effect, two initial build-up values were considered, 35 and 200 kg/ha, where 
the first one corresponds to the mean TSS concentrations in stormwater of 100 mg/L and the latter value 
is based on Viklander (1998) investigations. Both initial values were applied in a numerical experiment 
done for a 5.8 ha subcatchment of SHIC, assuming BSWI and Skellefteå climate (TC). A cumulative washoff 
of TSS from the catchment is plotted for those two initial conditions in Fig. 5, together with the 
difference (delta) between both simulation runs. It is of interest to note that the effect of high initial 
build-up persisted for about 100 days (i.e. throughout the spring season) and produced a difference in 
loads of about 650 kg. This information shows the importance of catchment cleaning after the winter to 



remove large solids resides. Of course the success of such maintenance is not guaranteed; occurrence of 
a sudden large storm may wash solids into the sewers.  

 

Figure 5 Increased initial build-up after winter 

In can be further noted from the steep increase in delta that most of the additional build-up is washed 
off by a few rain events, which occur early in the simulated period. After that delta approaches a 
constant value. Furthermore it can be noticed that the total load was almost doubled in the run with an 
increased pollutant buildup. Hence, these results indicate that the period of transition from the winter to 
spring can be of great importance for stormwater quality and the maintenance of storm sewers.  

Finally it should be recognized that future stormwater management will be affected by more factors than 
just climatic change. Other effects will be exerted by changes in pollutant sources (even though such 
changes are not easily defined for TSS) as well as by environmental practices (e.g., street cleaning).  

4 Conclusions  
Continuous simulations of stormwater TSS loads for three catchments, six pairs of TSS build-up and 
wash-off parameters, and rainfall inputs from two current climate records, as well as the projected 
future climate scenarios, during snow-free period (Apt.-Oct.), demonstrated that changes due to 
perturbation in the climatic inputs cause high variability of simulation results. Consequently, no 
statistically significant differences between the current and the future loads of TSS were found. However, 
average TSS loads washed off from three urban catchments are likely to increase in the future due to 
projected climatic changes in common scenarios. The climate change scenario recommended by the 
Swedish Water Agency (Plus20 scenario) seems to overestimate the changes produced by downscaled 
scenarios in southern Sweden (Kalmar). Such overestimation appeared to be significant for Kalmar, 
where the downscaled climate change scenarios did not differ much from the current conditions. 
However on an annual basis covering winter conditions as well, higher changes in precipitation and TSS 
wash-off can be expected.  



Comparisons of responses of three different catchments for two climate samples and downscaled future 
scenarios showed that a variety of factors influenced the simulation results. Catchment responses were 
affected by the imperviousness; the catchment with a low imperviousness (Kalmar, 23%) produced high 
percentage changes in runoff volumes and TSS loads, but low TSS loads per hectare, when compared to 
catchments with higher imperviousness. The relative changes were explained by increasing runoff 
contributing area, resulting from pervious elements contributions in higher rainfall, but unit area runoff 
volumes and TSS loads increased with increasing imperviousness. Furthermore significant differences 
between the two climate samples, from southern and northern Sweden, were observed. Because of 
different distributions of the rain events of various depths, runoff volumes and consequently TSS loads 
were affected differently in the future climate scenarios. A high fraction of small rain events (5 mm) was 
noted in the Kalmar climate sample and caused a difference between changes in total precipitation and 
the corresponding runoff volume. Since stormwater quantity is a main driver for quality, this affected the 
TSS loads as well. Therefore, relatively small changes in precipitation input caused high changes in TSS 
loads. Those patterns could be observed independently of the build-up and wash-off parameter pairs 
describing stormwater quality processes. This has significant implications for stormwater management 
and the design of stormwater treatment facilities. Finally, the catchment initial conditions at the end of 
the winter period with respect to TSS accumulations can have a great impact on annual pollutant loads 
and should be controlled by timely catchment cleaning.  
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ABSTRACT 
Effects of climatic changes, progressing urbanization and improved environmental controls on the 
simulated urban stormwater quality in a Northern Sweden community were studied. Future scenarios 
accounting for those changes were developed and their effects simulated with the Storm Water 
Management Model (SWMM). It was observed that the simulated stormwater quality was highly 
sensitive to the scenarios mimicking progressing urbanization with varying imperviousness and the 
catchment area. Thus, land use change was identified as one of the most influential factors and in 
some scenarios, urban growth caused changes in runoff quantity and quality exceeding those caused 
by a changing climate. Adaptation measures, including the reduction of directly connected impervious 
surfaces (DCIS) through the integration of more green spaces into the urban landscape, or 
disconnection of DCIS were effective in reducing runoff volume and pollutant loads. Furthermore 
pollutant source control measures, including material substitution (e.g., limiting copper content in brake 
pads) were effective in reducing pollutant loads and significantly improving stormwater quality. 

KEYWORDS 
Urban Stormwater Quality, Climate Change, Influential Factors, Computer Simulation, Future 
Scenarios 
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1 INTRODUCTION  
Impacts of urbanization on surface waters have been historically managed by building drainage 
infrastructure providing multiple benefits in the form of flood protection, land use convenience by 
avoiding water ponding, and protection of receiving waters against the pollution conveyed by urban 
runoff. In recent decades, this approach has been further expanded by including the maintenance of 
local water balance, beneficial uses of blue/green areas and subpotable use of stormwater among the 
goals of urban drainage systems (UDSs). From the hydrological point of view, these systems have 
been designed on the basis of historical rainfall data, commonly assuming the stationarity of 
precipitation data and air temperatures. However, the evidence of the last two decades indicates that 
this assumption may no longer be valid in view of the large climate variability attributed to 
anthropogenic causes leading to climate change. Thus, there is a need to assess the vulnerability of 
the existing UDSs in a changing climate and develop risk management measures focusing on 
adaptation measures. 

The vulnerability of UDSs is particularly critical with respect to the flooding issues, and indeed, much 
of the earlier research has focused on such issues (Willems et al. 2012). Towards this end, the climate 
change scenarios have been derived from the scaled–down results of global circulation models and 
used in assessing the functionality of the existing UDSs with respect to flow conveyance and storage. 
This research resulted in a plethora of reports and papers typically indicating larger runoff flow rates 
and volumes in the future, but so far such efforts have not resulted in recommendations of universally 
accepted methods or approaches for selecting the GCM models for climate projections, downscaling 
methods providing the data needed in fine scales appropriate for urban areas, and drawing robust 
practical conclusions from these results with respect to adaptation. Some studies even indicate 
extreme increases in runoff flows (He et al., 2011), which could not be managed for the current level of 
service (i.e., safety and convenience), because of costs. Other approaches are more cautionary, as 
e.g. advocated by the U.S. federal interagency report (2009) recommending a four-step strategy: (a) 
track change impacts, (b) anticipate changes with respect to climatic data, (c) anticipate change by 
selecting appropriate decision making methods, and (d) respond by adaptation.  

Much less attention has been paid to potential impacts of climate change on urban stormwater quality, 
which even though closely related to stormwater quantity, represents a different issue with less acute 
impacts than e.g. flooding. Thus, the problem here could be formulated as what is the vulnerability of 
the existing urban drainage systems, with stormwater quality measures and structures, to a changing 
climate and how one could maintain (or improve) the performance of the existing systems in a 
changing climate. One of the weaknesses of the research on stormwater quantity is the fact that this 
work often addresses just the aspects of changes in climatic inputs to UDSs in the future, but neglects 
other factors, including progressing urbanization and changes in environmental practices. To avoid the 
same problem in the assessment of stormwater quality, one needs to consider two basic driving 
forces, changing climate and progressing urbanization, and consider the ongoing and future changes 
in stormwater management and pollutant source controls as a part of adaptation measures.  

Stormwater quality research in a changing climate has so far focused on the accumulation and wash-
off of pollutants from catchment surfaces, which depend on pollutant sources and rainfall 
characteristics (Sharma et al. 2011, Borris et al. 2012, He et al. 2011). Changes in the rainfall regime 
do affect the quality of stormwater (described e.g. by total suspended solids), as noted by the 
aforementioned authors. Similarly, the progressing urbanization impacts on catchment characteristics 
causing higher rates and volumes of runoff, as well as greater accumulation of pollutants due to 
increased intensity of land use (e.g., increased intensity of traffic). Thus, the potential effects of these 
driving forces, described by a higher degree of urbanization and greater sources of pollutants, need to 
be considered. The outcomes of these forces can be mitigated by environmental controls, which 
include such measures as pollution source controls (Marsalek and Viklander, 2011) as well as best 
practices for stormwater management, which can be viewed as climate change adaptation measures 
for mitigating the impacts of a changing climate on worsening of the stormwater quality. In this 
connection it needs to be recognized that beside the potentially worsened stormwater quality (primarily 
caused by more efficient wash-off), the performance of BMPs may be also reduced, because of higher 
flows and volumes of stormwater to be treated in the future (Marsalek et al. 2008).  

For northern Sweden an increasing trend in hourly rainfall maxima is projected for the future, with 
significant changes particularly likely during spring and autumn (Moghadas et al. 2011, Hernebring 
and Svensson 2011). Consequently, higher runoff flows carrying higher pollutant loads are expected, 
especially for low-to-medium intensity rain events which were found to be sensitive to climate changes 
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(Borris et al. 2012). Such risks can be mitigated by best management practices (BMPs) improving 
stormwater quality by source controls, limiting the availability of pollutants for wash-off, and by 
treatment. Hence, it is required to assess the likely changes in stormwater quality and the feasibility of 
designing adaptation measures preserving or improving the performance of the existing UDSs with 
respect to the protection of water quality.  

The analysis of future stormwater quality needs to be based on computer simulations, recognizing that 
current most advanced urban runoff models are capable of simulating the generation of urban 
stormwater runoff, with a high level of certainty, for broadly varying conditions (Zoppou 2001). 
Furthermore, these models mimic fairly well the processes governing the quality of stormwater and, 
therefore, can be used as practical tools for examining changes in water quality due to climatic 
changes and changing pollutant sources (Tsihrintzis and Hamid 1998, Vaze and Chiew 2003a). For 
addressing various combinations of changes in the climate, urban area characteristics, and BMPs, 
different future scenarios can be devised and simulated.  

The objective of this paper is to examine the future trends in the simulated stormwater quality in a 
Northern Sweden community by examining future scenarios, which account for: (a) climatic changes 
projected for the study area for the period when the catchment is snow free (i.e. from April to October), 
(b) increased pollutant generation due to progressing urbanization and intensifying urban land-use 
activities, and (c) the ongoing and future efforts in controlling sources of the selected pollutants (TSS 
and two metals). 

2 METHODS 
The stormwater quality was examined by analyzing simulation results obtained for seven scenarios 
combining variations in three influential factors: (a) climate, (b) progressing urbanization (characterized 
by the total area and its land use), and (c) selected pollution control measures. Descriptions of 
scenarios follow.  

2.1 Future Scenarios  
In Nakicenovic (2000) scenarios are defined as images of how the future might unfold and they are 
meant to assist in the understanding of possible future developments of complex systems. In order to 
develop meaningful scenarios, the studied system should be described in a structured way and along 
this description scenarios can be developed. Related to the urban stormwater quality this has to be 
done for different constituents of interest, which were represented in this study by three constituents: 
TSS (total suspended solids), Cu (copper) and Zn (zinc). In the description of urban stormwater 
quality, different physical, regulatory, social, economic, environmental and technical dimensions need 
to be taken into account, as illustrated in Figs. 1 and 2. In Figure 1 general factors and their 
interrelationships are shown.  

 
Figure 1. General factors influencing stormwater quality 

A detailed hierarchic structure for man-made sources and surfaces is shown in Fig. 2. 

Even though this description is far from complete, it is helpful for developing future scenarios. 
According to Fig. 1 three general types of changes may occur in the future and consequently affect 
stormwater quality: (a) changing atmospheric inputs (i.e. both precipitation and deposition), (b) 
changing catchment sources (e.g. more vehicular traffic due to increasing intensity of land-use and the 
change in catchment surfaces (e.g., more impervious surfaces due to progressing urbanization), and, 
(c) changing control measures (e.g. improved source controls).  
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Figure 2. Hierarchic structure of man-made pollutant sources in stormwater 

Since the focus of this preliminary study phase is on TSS and the heavy metals, scenarios affecting 
those constituents are particularly of interest. In urban areas traffic and the corrosion of metal surfaces 
are known to be the main sources of heavy metals in stormwater runoff (Fuchs et al. 2006, Hillenbrand 
et al. 2003, Davis et al. 2001). Fuchs et al. (2006) evaluated these sources and their relative 
contributions. Based on their study it is assumed that copper is released in nearly equal amounts by 
traffic and metal surfaces. For zinc this is different, since metal surfaces contribute more than traffic. 
Therefore in the corresponding scenarios it is assumed that the contribution of metal surfaces is twice 
the contribution of traffic. In total, a reference scenario reflecting the current situation and six future 
scenarios have been developed.  

Scenario 0: Represents the current situation (described later in sections 2.4.1 and 2.4.2) and will 
serve as a reference scenario for comparison with the other scenarios.  

Scenario 1: A business-as-usual scenario, in which only the climatic input was changed.  

Scenario 2: Assumes redevelopment of the study area and improvement of adaptation measures 
resulting in landscape changes, namely in the integration of more green spaces into the urban 
landscape. Consequently, the area of directly connected impervious surfaces is reduced.  

Scenario 3: Increasing fuel prices and public education result in changed driving habits and a fewer 
kilometres driven. This results in a lower production of particulates (TSS) due to traffic (e.g. less 
abrasion of pavements and tire wear) and a lower release of heavy metals. A greater reduction in 
copper concentrations, compared to those of zinc, can be expected, since traffic is only a minor 
contributor of zinc. 

Scenario 4: Use of alternative materials in brake pads due to restrictions on copper. Currently, copper 
content in brake pads may be relatively high and contribute greatly to copper loads in urban 
stormwater (Hillenbrand et al. 2003). While some jurisdictions, including the State of Washington 
legislated great reductions in copper content of brake pads (not more than 5% and 0.5% by 2021 and 
2025, respectively) (Stormwater 2010), in Sweden no such regulation has been introduced yet and a 
high reduction potential can be expected. 

Scenario 5: Assumes an increasing population, resulting in a more densely built up urban area. By 
2050 the Swedish population is expected to grow by 15% (from 9.3 million today to 10.7 million by 
2050) (Statistics Sweden 2011). This densification may result in an increasing catchment 
imperviousness, which may contribute to more surface runoff and faster accumulations of solids on 
catchment surfaces further contributing to higher heavy metal releases. It is assumed that the 
contributions by traffic and metal surfaces would increase in the same manner.  
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Scenario 6: Assumes an increasing population (as in Scenario 5), which causes a peripheral growth 
of the affected urban area, also known as urban sprawl. In this scenario, urban dwellers are moving 
away from the city centre to the suburbs, or even to the outlying rural areas. Such a type of urban 
development increases the dependency on car transportation, which is reflected in the increased 
number of cars per household and the distances travelled (km driven) (Van Metre et al. 2000, Behan 
et al. 2008). Furthermore, some of the additional km driven fall outside of the city studied, thereby 
increasing the ecological footprint of the city. Consequently, the pollutant emissions due to traffic are 
likely to increase, resulting in higher solids build-up rates and increasing metal concentrations. It was 
assumed that the larger urban area has the same imperviousness as the present catchment.  

Table 1 summarizes the future scenarios. 

Table 1. Future scenarios 
Scenario 1 2 3 4 5 6 
Climate future1 future future future future future 

Population current current current current increased increased 

Land development current LID2 current current current area, 
more impervious 

larger area, 
urban sprawl 

Traffic & Buildings current current less km 
driven current increase more km 

driven 
Newly legislated 
source controls none none none less Cu in 

brake pads none none 

1 More rainfall, higher rainfall intensities, 2 LID = Low Impact Development 

2.2 Study Site 
A suburb of the city of Skellefteå in northern Sweden, characterized by a mixed urban land use, was 
chosen as a test catchment, because of the earlier studies done there (Borris et al. 2013), which 
contributed to setting of an urban drainage model for the catchment and the provision of good 
physiographic and hydrometeorological data, including a rainfall record with high temporal resolution 
and flow measurements at several sewer system nodes.  

2.3 Model Description 
The Storm Water Management Model (SWMM) was chosen as the simulation engine, recognizing that 
other well-established models should produce comparable results. In SWMM, the computation of 
surface runoff is based on the theory of non-linear reservoir, and the hydrologic abstractions 
considered include surface depression storage and infiltration on pervious surfaces. Runoff from 
impervious areas occurs when rainfall exceeds the depression storage depth. Runoff from pervious 
areas occurs when rainfall exceeds the infiltration rate and the depression storage is full. Using the 
kinematic wave approach, a runoff hydrograph is computed for each subcatchment considering the 
physical properties of the subcatchment, including the area, length of overland flow, ground-slope, 
imperviousness and surface roughness. Pollutant build-up is simulated during dry weather and is 
followed by pollutant wash-off during rain events. Different pollutants can be included and some may 
be adsorbed on other constituents (solids). In the latter case, potency factors are used to compute 
such pollutants as a fraction of TSS (Huber and Dickinson 1988).  

2.4 Model Setup 
Based on the stormwater drainage system and the local topography the test catchment was delineated 
with a contributing area of 235 ha. For catchment discretization, subcatchments were assigned to end 
manholes and some intermediate manholes, as practiced by the Danish Hydraulic Institute (DHI) 
(Persson, O., personal communication, October 2011). Consequently, the catchment area was divided 
into 51 subcatchments, which represent a fairly detailed discretization.  

2.4.1 Hydrological Parameter Estimation and calibration 

The hydrological calibration of the model was adopted from the prior studies (Borris et al. 2013) and 
the calibrated parameter values can be summarized as follows: catchment imperviousness: 35%; 
surface roughness (n) for impervious and pervious areas: 0.014 and 0.08, respectively; Horton 
maximum and minimum infiltration rates: 25 and 5 mm/h, respectively; infiltration decay coefficient: 5 
h-1; and, depression storage depths on impervious and pervious areas: 1-2.5 and 2.5-5.5 mm, 
respectively.  
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2.4.2 Parameter Estimation for quality processes representing the current scenario (S0) 

A set of parameters for TSS build-up and wash-off can be defined on the basis of the earlier studies 
published in the literature (Vaze and Chiew 2003b, Egodawatta et al. 2007, Li and Yue 2011, Brodie 
and Egodawatta 2011, e.g.Vaze and Chiew 2002, Egodawatta and Goonetilleke 2006). Equations (1) 
and (2) were used to describe the build-up and wash-off: 

Build-up:     (1)  
where B = build-up of solids (TSS), b1 = maximum build-up possible, b2 = build-up rate constant, and t 
= elapsed time. 

With the chosen build-up rate constant of 0.3, 80% of the maximum build-up is reached in 5 days. The 
maximum build-up mass was held constant and set to 35 kg of TSS/ha. Testing different maximum 
build-up masses was not needed, since wash-off patterns were independent of the maximum build-up; 
the fraction removed by a single rain event remains the same, so the produced results can be directly 
scaled up.  

Wash-off:     (2) 

Where W = wash-off load of solids (TSS), w1 = wash-off coefficient, q = runoff rate and w2 = wash-off 
exponent.  

The wash-off exponent showed only a minor sensitivity for the range of values reported in the literature 
and was set to 1.15. To get a best estimate of practical values of parameters in eq. (2), the wash-off 
rates were adjusted to yield standard EMC values of TSS representing Swedish urban conditions, 
which were described by Larm (1997) as about 100 mg TSS/l. This adjustment was achieved by 
applying a wash-off coefficient of 0.04.  

The potency factors can be also based on prior studies analyzing heavy metal concentrations in 
sediment build-up on different urban surfaces (Duong and Lee 2011) and on runoff quality 
characteristics listed in general databases. Larm (1997) recommended heavy metal concentrations in 
stormwater for different urban land uses in Sweden. Table 2 shows the potency factors for the two 
metals studied and the resulting mean concentrations. Recognizing great variations in observations, 
these values were chosen as representing a mixed urban land use. 

Table 2. Potency factors and modelled mean concentrations 
 Copper Zinc 

Potency Factor 0.4 2 
Mean Concentration [µg/l] 40 200 

 

2.4.3 Implementation of the future scenarios 

Potential changes as described in section 2.1 were simulated for the six future scenarios by altering 
the model inputs and parameters, namely the climatic input, the impervious fraction, the catchment 
area, the build-up rate constant (b1) for TSS and the potency factors for the heavy metals studied. For 
the imperviousness, the catchment area, and the buildup rate, three parameter values were tested to 
consider a range of likely values and address the involved uncertainty. Those are derived as follows: 
(a) Imperviousness: S2, 0.85, 0.9 and 0.95 times the S0 value (35); S5, 1.05, 1.10, and 1.15 times the 
S0 value (35); (b) catchment area: S6, 1.05, 1.10, and 1.15 times the S0 value (235); and, (c) build-up 
rate: S3, 0.85, 0.9 and 0.95 times the S0 value (0.3). For the potency factors single changes were 
tested, since strictly linear responses can be expected. Table 3 summarizes the parameters and their 
variation in the model for the future scenarios. 

2.4.4 Historical climate data and climate change scenarios 

A historical rainfall record can serve as a sample of the current climate. Only liquid precipitation in the 
form of rain was studied; snowfall was considered outside of the scope of this study. The available 
rainfall data were recorded over a period of 15 years (1996 – 2010) using a tipping bucket rain gauge, 
with a bucket volume corresponding to 0.2 mm of rainfall. To reflect climate change, future climate 
projections were used and the historical rainfall records were rescaled to serve as an input to the 
stormwater runoff simulations. Among the future projections, a medium severity scenario was used, 
namely the AIB scenario, defined in Nakicenovic (2000). The future projections span from 2011 until 
the year of 2100, but for this study, only the projections for the middle of the 21st century (2041 – 
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2070) were selected, since this period was considered reaching as far into the future, as could be 
handled with some confidence. The rainfall records were rescaled using the delta change method as 
described in Olsson et al. (2012).  

Table 3. Implementation of the current scenario in SWMM simulations and alterations for future 
scenarios 

Scenario  0 1  2 3 4 5 6 
Climatic input current future future future future future future 

Imperviousness 
(%)  35 35 29.8; 

31.5; 33.3 35 35 36.8; 38.5; 
40.3 35 

Area (ha) 235  235 235 235 235 235 246.8; 258.5; 
270.3 

Build-up rate 0.3 0.3 0.3 0.255; 
0.27; 0.285 0.3 0.3+15% 0.3+10% 

Potency Factor 
Cu 0.4 0.4 0.4 0.4-10% 0.4 -

25% 0.4+15% 0.4+10% 

Potency Factor 
Zn 2 2 2 2-5% 2 2+15% 2+5% 

2.5 Model runs 
Wet weather periods were selected from the available rainfall record (April – October) and continuous 
model runs were performed for the current and the six future scenarios. For each model run the runoff 
volume and loads of TSS and heavy metals were noted. The percentage changes for the future 
scenarios compared to the current scenario (S0) were then calculated for all three stormwater quality 
constituents studied. 

3 RESULTS & DISCUSSION 
For the modelled periods the rainfall depth increased on average by 9% for the future scenarios, 
compared to the current scenario. In Table 4 the runoff volumes simulated for the different scenarios 
and the constituent loads are shown as average values for the parameter ranges tested. 

Table 4. Runoff volumes and percentage changes in constituent loads 
Scenario 0 1 2 3 4 5 6 

Runoff [m3] 202 221 204 221 221 242 243 
TSS load [t] 22.2 24.3 22.6 24 24.3 26.5 26.8 
Cu Load [kg] 8.9 9.7 9.1 8.6 7.3 12.2 11.8 
Zn load [kg] 44.4 48.5 45.4 45.6 48.5 61.1 56.3 

Figure 3 shows the percentage changes compared to Scenario 0. The error bars indicate the min and 
max values for the parameter ranges tested. 

Generally it can be observed that the runoff volume shows a high sensitivity to scenarios considering a 
progressing urbanization with changing imperviousness and the catchment area (Scenarios 2, 5 & 6). 
The runoff volume is almost linearly dependent on the area and imperviousness. Through a reduction 
of the impervious surface by 10% (Scenario 2) the influence of climate change could be 
counterbalanced with a reduction of the runoff volume by 8% compared to scenario 1. In contrast 
scenarios 5 & 6 show a significant increase in runoff, by about 20%. It can be noted that a 10% higher 
imperviousness produces runoff volumes comparable to those from a 10% larger area. This indicates 
that pervious areas have only a minor influence on the runoff volume and impervious areas are the 
main contributors, for the catchment and rain series studied here.  

For scenarios with no changes in the quality parameters (scenarios 1 & 2), the changes in the TSS 
load followed the changes in runoff volume, since runoff quantity is the main driver for quality. For 
scenario 2 the TSS load could therefore decrease significantly and that is explained by reduced runoff 
flows. The change in runoff is higher than the change of wash-off, and this can be explained by 
transport limited conditions. The Scenario 1 results indicate that the change in TSS is slightly smaller 
than the change in runoff, and this can be explained by the occurrence of supply limited conditions, 
which happens when there is not enough pollutants on the catchment surface to meet the transport 
capacity of the runoff flow. The same effect can be seen clearly in the results for scenarios 5 &6. Even 
though the build-up rate of TSS has been increased, the change in TSS is still smaller than, or equal 
to, the changes in the runoff volume. However, it can be noted that considerably higher amounts of 
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TSS were produced for those scenarios, when almost 20% more of TSS were transported.  

 
Figure 3. Percentage changes for the future scenarios 

As noted for runoff volumes, it can be stated that a progressing urbanization is an important factor, 
which affects the TSS load significantly. Scenario 3 shows only a minor change in the TSS load. The 
build-up rate for TSS was decreased by 10% because of less traffic, which results in about 1% lower 
TSS load. Based on these data, the build-up rate can be identified as a parameter of minor importance 
with respect to stormwater quality, as also noted for scenarios 5 and 6.  

For scenarios 1 and 2, the metal load followed strictly the changes observed for TSS, since the 
potency factors were not changed here. For the remaining four scenarios, high sensitivities to changes 
in model parameters can be seen. With reduced traffic (scenario 3) the metal loads were reduced 
considerably compared to scenario 1 (only climatic changes) and the simulated loads were 
comparable to those obtained for the current scenario (S0); for copper even lower loads were noted. 
The use of alternative materials in brake linings, as assumed in scenario 4, highly reduced the copper 
load, by -18% compared to the current scenario. Therefore such pollutant source control measures 
can be effective tools for improving stormwater quality. Based on these results, a general finding can 
formulated that less traffic and pollutant source control measures have a strong potential for reducing 
heavy metal loads in stormwater and thereby counterbalance the effects of the climate change 
simulated here. This can be further corroborated by some prior studies reporting that the quality of 
runoff is associated with traffic intensity and suggesting that higher traffic intensities tend to produce 
higher constituent loads, including TSS and heavy metals (Viklander 1997, Kayhanian et al. 2007), 
and vice versa. Furthermore past success in source controls shows that the resulting benefits can be 
highly significant. Phasing lead out of gasoline is a good example of that; Marsalek and Viklander 
(2011) estimated that this measure contributed to removing about 97% of Pb from freeway runoff.  

Progressing urbanization and increasing releases of heavy metals (scenarios 5 & 6) produced high 
pollutant loads, which were in some cases almost 40% higher than the reference load (S0). This 
suggests that especially combined effects of changes in the urban development (increasing the urban 
area and its imperviousness) and higher releases of heavy metals due to more intensive land-use 
increase the heavy metal loads significantly. The imperviousness of the catchment is therefore not 
only a very important parameter regarding stormwater quantity (Jacobson 2011), but also stormwater 
quality. The latter finding was also noted in the studies reporting a connection between the level of 
directly connected impervious areas and the quality of runoff. For example, Hatt (2004) concluded that 
loads of various pollutants were strongly correlated with the magnitude of directly connected 
impervious areas.  

The scenarios tested indicate that pollutant loads may vary significantly in the future, since high 
sensitivities of stormwater quality simulations to changes in several influential factors were shown. 
However, the scenarios and numerical results have to be viewed with caution since they involve huge 
uncertainties. More scenarios for the forces driving future changes and different climatic regions, 
including additional test catchments, should be tested to support the results presented here. So far, 
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only single values for the model parameters were used to describe stormwater quality, namely those 
describing the build-up and wash-off. Simulations of ranges of parameter values would allow to 
explore the nature of changes in the objective function values, concentration and loads, and to 
increase the reliability of the results. Furthermore, the feasibility of incorporating pollutant source 
based approaches in stormwater quality modelling should be considered, as well as an expanded list 
of pollutants to increase the analysis comprehensiveness.  

4 CONCLUSIONS 
The effects of future changes on the simulated stormwater quality in northern Sweden were addressed 
for the snow-free part of the year. Toward this end, the effects of changes in the climate, urban 
development, intensity of land use activities and pollutant control measures have been tested. Within 
the limitations of this simulation setup, the following tentative conclusions may be drawn. 

In regions where rainfall will increase due to climatic changes, as exemplified here for northern 
Sweden, more pollutants will be transported. In addition a progressing urbanization, due to increasing 
population, may contribute to increasing urban areas and their imperviousness, and may significantly 
influence the quantity and quality of stormwater. This is therefore identified as one of the most 
important factors; in some instances, rapid urban growth will produce greater runoff changes than 
those attributed to a changing climate. Adaptation measures, like the reduction of directly connected 
impervious surfaces through the integration of more green spaces into urban landscape was identified 
as an effective measure serving to reduce runoff volume, peaks and pollutant loads. Similarly, 
pollutant source controls, like limiting copper content in brake pads, appear to be effective tools 
reducing pollutant loads and significantly improving stormwater quality.  
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